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S y m p . B iol. H ung. <V, pp. 11—14 (1967)
W E L C O M I N G  A D D R E S S  B Y  T H E  P R E S I D I U M  
<) F  T H E H U  N G A R I A N  A C A 1) E M Y () F S C  I E  N C E S
F. B. Straub
Ladies and  Gentlem en, D ear F riends,
Before s ta rtin g  th e  proceedings of th is  Sym posium  I  have to  fulfil the  
pleasant d u ty  of conveying to  you th e  greetings of the  P resid ium  of the  
H ungarian Academ y o f Sciences. Allow me to  say these words first in 
H ungarian  and  I  shall tran sla te  them  in to  English later.
T isztelt Vendégeink, tisz te lt H allgatóság !
A M agyar Tudom ányos A kadém ia Elnöksége képviseletében szeretettel 
üdvözlöm az izomszimpózium résztvevőit és külön szeretettel üdvözlöm 
azokat a vendégeinket, akik m ás országokból jö ttek  el hozzánk, akik közül 
sokaknak ez az első alkalm a, hogy a m agyar tudom ányos élet egy szek­
to rával megism erkedhessenek.
A M agyar Tudom ányos A kadém ia az elm últ évtizedekben egyre nagyobb 
és nagyobb erőfeszítéseket te t t ,  hogy a tudom ányos k u ta tá s  szám ára 
elengedhetetlen nem zetközi kapcso latokat előm ozdítsa. Ennek számos 
form ája közö tt igen nagyra  értékeli az Elnökség a  szim pózium okat, m e­
lyeken egy-egy jól kö rü lhatá ro lt problém a m egvita tására  egybegyűlnek 
a  világ m inden részéről azok a ku ta tók , akik m unkájukkal ezt a te rü ­
le te t előbbre v itték  és előbbre viszik. E g y e té rtü n k  azokkal, ak ik  a szim ­
pózium okban lát ják  a tudom ányos vélem énycsere leghatékonyabb form áját.
Az izom szim pozium  rendezését B udapesten azért is lá tju k  ak tuálisnak , 
m ert ennek az iránynak  nálunk  hagyom ányai vannak, és m a is jónéhánv 
ku ta tóhely  foglalkozik ilyen irányú  tém ákkal. R em éljük, hogy a szim pózi­
um  ezeket a m unkákat segíteni fogja.
K íván juk , hogy i t t  az A kadém ia évszázados ülésterm ében, de ugyan­
úgy egész m agyarországi ta rtózkodásuk  a la tt vendégeink m egtalálják  az 
igazi tudom ányos együttm űködés feltételeit. K íván juk , hogy a m ár m eg­
levő tudom ányos és b a rá ti kapcsolatok a  szimpózium a la tt  tovább  erő­
södjenek és ú jak  keletkezzenek. Úgy gondoljuk, hogy az ilyen találkozók 
előm ozdításával A kadém iánk célkitűzését teljesíti: a tudom ány  és a népek 
közötti m egértés szolgálatát.
A M agyar Tudom ányos A kadém ia Elnöksége eredm ényes m unkát kíván 
Önöknek.
1 1
Ladies and  Gentlem en, Dear Friends,
On behalf o f the  Presidium  of th e  Hungarian Academy of Sciences I 
have th e  honour to  cordially welcome the  partic ipan ts  of the  In terna tional 
Muscle Sym posium , and in p articu la r those of our guests who have come 
from  foreign countries, m any o f them  having th e  first op p o rtu n ity  to 
get acquain ted  w ith a sector of H ungarian  scientific life.
D uring the  p as t decades th e  H ungarian A cadem y of Sciences steadily 
increased its  efforts to  encourage in ternational co-operation, one of the 
essential conditions of scientific research. Among its various form s the 
Presidium  greatly  appreciates th a t  of organizing a sym posium  where clearly 
defined problem s are discussed by scientists gathered  from all over the 
world who have con tribu ted  and  are contribu ting  to  th is  special field.
We welcome th e  Muscle Symposium  in B udapest, as th is  field of research 
has its trad itions in our country , and  a num ber of our laboratories are 
engaged in re la ted  studies also today. We hope th a t  our Symposium will 
give g reat im petus to  these studies.
We sincerely wish th a t  our guests m ay find the  appropriate  conditions 
for real scientific co-operation here, in th e  century-old conference room of 
the  Academ y, as well as dur ing all th e ir stay  in Hungary. We sincerely 
wish th a t  th e  Symposium  m ay strengthen  old scientific and  friendly relations 
and  give rise to  new connections. We believe th a t  by encouraging such 
m eetings, we are fulfilling the  task  of our Academ y, i.e. to  serve science 
and  a b e tte r  understanding  between nations.
The Presidium  of th e  H ungarian Academ y of Sciences wishes you suc­
cessful work !
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I N T  R O D  l ' C T O R  V L E C  T U  R E
F.  ß. Straub
I N S T I T U T E  O F  5 I E D I  C A L C H E M  I S T  ii  Y,  U N I  V E  R S I T Y M E D I  V A L  S C H O  0  L,
B U D A  P E S T
Ladies and  Gentlem en,
1 am  now coming to  the  official p a r t  o f our program  in which 1 am  listed 
as th e  first speaker on a non-com m ittal topic called in troduction. Some 
of you m ay have w ondered how I come to  ta lk  to  th is Symposium  on 
Muscle, when 1 am  no more working in th is field. The m ain justification 
of th is ta lk  is th a t  I  happen to  be a t present th e  secretary  of the  Biology 
Section of our Academy. The secretary  of the  Biology Section is responsible 
for th e  general scientific policy in th is field and  as p a r t of th is  job ex officio 
organizer and  host to  th is  Symposium. I  would not like to  misuse the 
privileges of a host and  to  bore our guests, nevertheless, I  feel I  am  bound 
to  say a few words abou t our intentions.
Those words of greetings which I  have given you in th e  nam e of the 
Presidium  reflect my conviction th a t  a sym posium  is one of the  best 
forms of in terna tional scientific exchange. But one has to  adm it th a t  the 
con ten t of th is  word: sym posium , is ra th e r ill-defined. Obviously, its  g reatest 
asset — and  this is always so — is th a t  specialists working on a p articu lar 
problem come together from all over the  world. Now, as th e  official p a r t 
of a  sym posium  usually does not tak e  more th an  eight hours of a day, 
fortunate ly , there rem ain some free hours during which people come 
together and  are able to  ta lk  abou t their problems. As I see it, even a dull 
and  un in teresting  sym posium  m ay fulfil its purpose outside th e  con­
ference room.
Some organizers of sym posia are, however, am bitious people, and  they  
ask the  question: would it  n o t be possible to  utilize for the  purpose of the 
sym posium  those hours of daylight, too, which are devoted to  the  official 
program ? There are a num ber of ways to  do so. One suggestion could be 
to  do aw ay with the  opening cerem ony and  s ta r t  talk ing  business right 
from  th e  beginning. Yet it would be hard  to  find organizers who would 
miss a chance of m aking a speech if  th ey  had got such a fine chance. Besides, 
it is never too long and, m oreover, i t  fills th e  tim e u n til those who have 
lingered over th e ir b reakfast, come to  the  lecture hall.
To abandon th is lighter tone, I  am coming now to  a more serious problem . 
We have come together to  ta lk  abou t muscle. Should we inv ite  everybody 
to  deliver a ta lk  of a lim ited tim e on any th ing  connected w ith the  problem  
of muscle contraction? Or should we select just a few problem s and  ask 
some people to  s ta r t  a certain  line by a sum m ary of their views and  let 
the  discussion be th e  m ain stream  of the Sym posium  ? W hen Professor 
E rnst first suggested th e  idea of th is  Symposium , he proposed to  choose 
the  second a lternative . I  agreed w ith him  in th is ra th e r experim ental
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m ethod, because I  have a tten d ed  several sym posia which were just d i­
m inutive congresses, where lectures were delivered, one a fte r the  other, 
no t m uch discussion followed, and  th e  m eeting could be called a sym ­
posium only because of th e  lim ited num ber of partic ipan ts. Very much 
could be said in favour of th is  ty p e  of symposium, i t  is m ostly very 
au th o rita tiv e , i t  is a rich source of inform ation. However, there  is the  
psychological problem  th a t  speakers ten d  to  em phasize the  im portan t 
aspects of th e ir findings, such lectures righ tly  em phasize w hat we know 
and m ostly  neglect th e  problem s which we still cannot answer.
We do not believe th a t  a prim a facie case can be m ade for th e  a lternative  
m ethod, which we suggest to  be adopted . Only th e  results can prove it 
e ither way. W hat we w ant to  achieve by  th is m ethod is clear: much d is­
cussion and  m any-sided discussion o f th e  problem s. May I  ask the  col­
laboration of all of you in achieving th is  aim ? We cannot boast of being 
experts in organizing th is ty p e  of sym posium , we can assure you only 
of our good in ten tions. Therefore, any  com m ents and  suggestions for 
im provem ent will be appreciated . M ind you, as I  m entioned earlier, most 
sym posia are valued for the  discussions which usually  go on in  the  free tim e 
and  w hat we suggest is to  use some of the  official tim e of th e  proceedings 
to  accom plish th e  same, inform al and  open discussions.
Still, I  have to  confess th e  second justification for standing here. Some 
o f you m ay rem em ber th a t  I  was one of th e  earlier generation, the  members 
of which are m ostly present in th is  room, which a t  Szeged, in th e  laboratory  
of Professor A lbert Szent-Gvörgyi had  worked on muscle pro tein  during the  
m uch troub led  years o f the  1940s. I  personally am  p artly  responsible 
for th e  protein  actin . D uring th e  ten  years while I  was working on actin 
we never had  a chance to  come together w ith o thers working in  th is  field, 
a p a rt from  o ther m em bers of our own laboratory . The outstanding  quality  
of Szent-G yörgyi’s fascinating personality  and  his scientific leadership 
helped us to  achieve some success, in spite of the  isolation during th e  w ar 
and  in th e  early  post-w ar period. When we discovered the  adenine nucleotide 
in actin , i t  was in a  period when our laboratory  a t Szeged was no t heated  
properly in w in ter and  we had  to  work in w inter-coats, while n o t having 
m uch ap p ara tu s  ap a rt from  te s t tubes. Incidentally , there was a glass- 
blower in th e  building and  we had  some glass tubes, so viscosim eters 
could be constructed . This is the  m ain reason why we worked ou t the  
m icrodeterm ination o f ATP as a viscosim etric m ethod. As far as I  know 
th e  m ethod has never been used by  anybody else. Now I  m ention these 
p e tty  hardships only to  m ake it clear th a t  during those tim es i t  was not 
the  ap p ara tu s  and  no t th e  heating th a t  we missed m ost, it  was th e  contact 
w ith fellow scientists which m ade us very  uneasy. And w ith th is  though t 
I  am  coming back again to  th e  m ain aim of th is Meeting. The biochem istry 
of muscle, th e  electron m icroscopy o f muscle, th e  m echanical ac tiv ity , 
the energetics of muscle and  the role of ions in muscle are all specialized 
fields of s tudy , and  there are perhaps only a few people who could m aster 
all of these fields. Y et if we honestly  join our forces, the  resulting  vector 
o f force m ay advance th e  fu tu re  work o f all of us in the  proper direction.
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Si/mp. Biol. Hung. S, pp . lő—75 (1967)
Now th a t  g reat strides have been m ade in studying the  contractile  m echa­
nism of th e  s tria ted  muscle, as well as the  processes of excitation  and  ac tiv a ­
tion which in itia te  th e  m uscular contraction, i t  m ay appear more opportune 
th an  ever to  com pare th e  s tructu ra l and  chemical properties of different 
kinds of s tria ted  muscle fibres, in order to  account for the  functional 
differences observed between them . Two categories of s tria ted  muscle 
fibres, th e  tw itch  and slow fibres, which coexist in several classes of 
vertebrates, seem particu larly  suitable for th is  purpose.
The fibres of bo th  types have been carefully studied in th e  frog by  m any 
au thors, physiologically and  m orphologically, and  the  differences observed 
between th e  fibres have been up to  now more clearly analysed in  th is 
species th an  in any  other. Therefore, to  com pare th e  tw itch  fibres and  those 
which produce only slow contractions, I  shall m ainly use th e  results obtained 
on frog muscles. U ntil recently  no inform ation was available on th e  fine 
structu res of slow muscle fibres of the  frog because, to  be conclusive, such 
a stu d y  had  required  a previous identification of the  fibres. I t  was only 
in 1962 th a t  th is  was done by  isolating th e  fibres and estim ating  v isu ­
ally  th e  speed of contraction of each before fixation.
The peculiarities of th e  slow-muscle fibres observed under th e  light 
microscope and  the  electron microscope (which are considered the  best 
means available to -d ay  to  distinguish the  slow fibres from  th e  tw itch  fibres 
in the  frog muscles) are as follows.
M Y O F I B R  I L  S
The M-line is absent in the  slow fibres (no thickening of A-filaments 
and  no cross links between them ).
Differences can tie observed a t  the level of the  Z-line, no t only in the 
Z-line itse lf b u t also in th e  s tru c tu re  and arrangem ent of th e  I-filam ents 
on either side of th e  Z-line.
S A R C O P L A S M I C  R E T I C U L U M ,  T - S Y S T E M  A N D  T R I A D S
Two separate  netw orks of tubules, representing respectively the  sarco­
plasmic reticulum  and  th e  T -system , differ by th e ir form and  distribu tion  
from those of the  tw itch  fibres.
* For  lack  o f  th e  deta iled  lec tu re  th is  a b s tra c t  is published.
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S T R U C T U R A L  A S P E C T S  O F  T H  E S T R I A T E D  M U S C L E *
R .  COUTEAUX
L A B O R A  T O I  R E  D E  H I  O L 0  G I  E  A N 1 M A L E  , F A C  U L 1' É I) E S S C I  E  N C E S ,
U N I  V E R S I T  É  D E P A R I  S, L» A R I S
The T -svstem  of th e  slow fibres includes not only transverse tubules but 
also longitudinal tubules connecting the  former. E xperim ents w ith ferritin 
partic les indicate th a t  the  tubules of the  T -svstem  in the  tw itch  and  slow 
fibres of the  frog muscles are probably  connected w ith th e  surface m em brane 
of the  fibres, as th ey  are in fish muscles (myotonies). Calculations have 
been m ade to  estim ate th e  surface area of the  m em branes lim iting th e  
tubules of th e  T-system . For a fibre 50 // in d iam eter, th e  area of th e  
T-system  was calculated to  be abou t 3 tim es the  area of the  surface m em ­
brane in tw itch , whereas bo th  of these areas seem approxim ately  equal 
in slow fibres. This difference between tw itch  and slow fibres, which m ay 
be principally  explained by th e  difference in d iam eter of th e  myofibrils, 
which are generally m uch larger in the  slow fibres, agree satisfactorily  
with estim ates from  m em brane capacitance m easurem ents.
The triads, linking the  tubules of the  sarcoplasm ic reticulum  with those 
of th e  T-system , are m uch less frequen t in slow fibres th an  in tw itch  fibres, 
occurring a t only every 5th or 6th line of each fibril.
.1 V N CTT O N A L A R E A S  ( ) F T 11 E S U R E A <' E M E M R> R A X E
(a) M yoneural junctions. The endings of the  sm all-nerve system , which 
are considerably sm aller th an  the  end-bushes which te rm inate  on the 
tw itch  fibres, are num erous on each slow fibre and  very irregularly  d is­
tr ib u ted  over th e  whole fibre length. The subneural folds of the  post 
synaptic m em brane are alm ost absent in the  slow fibres, and  th e  am ount 
of cholinesterases per un it o f junctional m em brane surface is m uch sm aller 
th an  th a t  a t end-bushes.
(b) M yotendinous junctions. C ontrary  to  the  d istribu tion  of cholin­
esterases a t m yoneural junctions, the  am ount of cholinesterases a ttach ed  to  
the  folds of th e  m yotendinous junctions is m uch g reater in slow fibres 
th an  in tw itch  fibres.
Two o ther characteristics of the  slow-musele fibres m ust be po in ted  
out: th ey  have relatively  few m itochondria and  an extrem ely low content 
of lipids.
To w hat ex ten t is it possible now to  correlate the  properties of the  slow- 
muscle fibres m entioned above w ith th e ir functional peculiarities ?
The differences in structu re , d istribu tion  and cholinesterase concen tra­
tion  observed betw een the  m yoneural junctions of slow and  tw itch  fibres 
agree w ith th e  physiological findings, indicating th a t nerve stim ulation 
does no t produce action po ten tials in slow-muscle fibres and  th a t the  graded 
contraction of these fibres results from  the  depolarization produced by 
sum m ation and  electrotonic spread of num erous junctional potentials.
The reduction of the  T-system  and  the  relative ra rity  of triad s  m ust 
also be tak en  in to  consideration in in terpreting  the  coupling of depolariza 
tion  to  contraction in slow-muscle fibres.
Even though im p o rtan t differences exist between tw itch  and  slow-muscle 
fibres in the  mechanism  of activation , experim ental evidence suggests th a t  
the  ra te  of tension developm ent in slow-muscle fibres depends also on the 
ra te  of reactions tak ing  place a t the  level of the  m yofilam ents them selves. 
A t the  present tim e, cvtoehem ical d a ta  are lacking on th is  point.
it;
(! K X K R A L  m s c u s s i o  X
H u x l e y  (Medical Research Council, L aboratory of Molecular Biology, 
Cam bridge): The general p ic tu re  of the  fine s tru c tu re  of s tria ted  muscle 
th a t has been built up  in the  last 10 or 15 years is now very fam iliar, and 
I  will n o t repeat it here in detail. In  sum m ary, we believe th a t  th e  m yo­
fibrils contain  overlapping arrays of actin- and  m yosin-containing filaments, 
and  th a t  cross bridges betw een th e  th ick  and  th in  filam ents generate a 
re la tive sliding m ovem ent o f one set of filam ents p ast th e  o ther; the 
filam ents them selves rem ain v irtua lly  constan t in length. The tension 
generated  by the  cross bridges along a given th ick  filam ent add  up in 
parallel so th a t  the  tension generated  bv th e  system  as a whole varies 
according to  the  ex ten t of overlap of th e  filaments, and  also according to  
the  num ber of cross bridges which have tim e to  a ttac h  to  the  active sites 
on th e  ac tin  molecules alongside them .
The force generated  by th e  cross bridges m ust ac t in th e  appropriate  
direction. T h a t is, all th e  elem ents in force in one half of th e  A-band m ust 
ac t in one direction and  those in the  o ther half of th e  A -band m ust act 
in the  reverse direction, so th a t  th e  actin  filam ents are m oved tow ards 
th e  centre of the  A -band from  e ither side. S tudies on th e  assem bly of the  
m yosin and  actin  molecules in to  synthetic  filam ents have ind icated  th a t 
th e  m yosin molecules are arranged  so th a t they  all po int in th e  same 
direction in  th e  one h a lf of th e  A -band, and  th a t the  direction of all the 
molecules in  the  o ther half of th e  A -band is reversed. In  th is w ay th e  
orientations of the  active sites in  the  two halves of the  A -band would be 
reversed relative to  each other, thereby  achieving the  necessary directional 
relationships of th e  forces th a t  th ey  can generate. Similarly, i t  has been 
shown th a t  actin filam ents have a s tru c tu ra l po larity  and  th a t th is po larity  
is reversed on either side of th e  Z-line. These electron-m icroscopic studies, 
though valuable in showing up some aspects of the  arrangem ent of the 
molecules of th e  contractile  p roteins in th e  muscle filam ents, were not 
able to  show the  details in the  very  regular repeats of the  molecules th a t  
we should expect to  find. This is probably  because some disorder of the 
s tru c tu re  takes place during th e  prepara tion  of the  specimen in electron 
microscopy, especially in the  th ick  filaments.
We are now using im proved low-angle x-ray  diffraction techniques to  
stu d y  th e  detailed  in terna l s tru c tu re  of the  th in  and  th ick  filam ents in 
muscle, th e  detailed  arrangem ent of th e  ac tin  and  myosin molecules in 
these filam ents, and  the  changes th a t  occur in the  arrangem ent when the 
tw o proteins in teract w ith each other, when th e  muscles contract, and  
also when they  pass in to  rigor. In the  la tte r  condition all th e  ATI* in the  
muscle has been used up and it is believed th a t  perm anent cross connec­
tions are established between th e  tw o types of filaments. In  th e  form er 
case, in contraction, we believe th a t there is repetitive in teraction  between 
the  myosin cross bridges and th e  active sites on the  actin  filam ents, and 
th a t  th is  leads to  the  re la tive sliding m otion of the  filam ents p ast each 
other. D r K . H oi mes and  Dr W. Brown have con tribu ted  to  various aspects 
of the  work.
The low-angle x -ray  reflections th a t  we are now studying in detail are 
th e  ones which were first described abou t 14 years ago (H uxley 1952.
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1953) as being given by living muscles; recently, we have greatly  im proved 
th e  technology associated w ith the  recording of these reflections and are 
now able to  obtain  m uch b e tte r  p ictures in m uch shorter tim es. This is 
no t the  place to  describe th e  techniques in detail, bu t in sum m ary, we 
are em ploying a high-powered fine focus ro ta tin g  anode x-ray tu b e  (designed 
by Holm es and  Longley) and  a new ty p e  of cam era consisting of a com bina­
tion  of bent quartz  focussing m onochrom eter, which gives us very  high 
resolution in one direction, com bined w ith  a to ta l reflecting ben t glass 
p late , which gives focussing in ano ther direction a t  righ t angles to  th e  first 
and  therefore essentially leads to  po in t collimation. The fastest o f our 
cam eras can record the  iia tte rn  from  collagen fibres in less th a n  30 seconds, 
and  th e  main features of th e  muscle diagram  in abou t 10 m inutes.
The x-ray diagram  given by  surviving frog sartorius muscle contains a 
w ealth  of in teresting , inform ative, and  in triguing detail. The m ain feature 
of th is  diagram  is a system  of equal-spaced layer lines, which were in fact 
th e  reflection first seen in 1952. These were la te r identified by E llio tt 
(1964) and W orth ington  (1959) as arising from  th e  myosin filam ents, and 
indeed there  is good reason to  suppose th a t  the  cross bridges (which should 
show up, as it were, w ith  higher con trast against th e  surrounding sarco­
plasm ) will con tribu te  strongly  to  th is  p a r t  of th e  p a tte rn .
The p a tte rn  we see is the  characteristic one to  be expected from  a helical 
d istribu tion  of scattering  m atte r. T h at is, we see a characteristic variation 
of in tensity  along the  different layer lines which them selves are separated  
by a  d istance corresponding to  a helical repeat of 429-6 A. We observe 
th a t there  is a strong m eridional reflection lying on th e  th ird  order of this 
repeat, which would correspond to  the  tru e  axial repeat, i.e. th e  axial 
repeat of th e  subunits which are arranged  in th e  helical p a tte rn . In  this 
case th e  subunits would correspond to  th e  cross bridges and  th e  p a tte rn  
shows th a t  these m ust occur a t  in terva ls of 143-2 A. The d istribu tion  of 
in ten sity  along th e  layer lines can be identified w ith th a t  expected from 
a so-called 6/2 helix, i.e. one in which we have pairs of cross bridges, one 
on e ith er side of th e  filam ent, repeating  a t th e  143-2 A spacing, w ith 
successive repeats  ro ta ted  relative to  each o ther by 60°, so th a t  th e  whole 
s tru c tu re  repeats a t  3 x143-2  A, i.e. th e  helical repeat. The d istribu tion  of 
scattering  in tensity  along th e  layer lines corresponds to  th a t  to  be expected 
w ith a centre of mass of the  scattering  centres a t  a radius of abou t 110 A, 
which corresponds to  the  position of th e  cross bridges as seen by electron 
m icroscopy.
I f  th e  arrangem ent of th e  cross bridges were perfectly  helical th en  th e  
only m eridional reflections which could occur would be th e  ones on the  
th ird , six th , n in th , etc. layer lines. However, although the  reflections on 
these layer lines are strong ones, there  are m eridional reflections on all 
th e  o th er layer lines, except th e  first, showing us th a t  there  is some degree 
of d isto rtion  from  an ideal helix.
A t wider angles we can see the  well-known system  of reflections originally 
reported  by A stbury  (1949) as being given by  the  actin  stru c tu re  and 
in terp re ted  in a num ber of possible ways by Selby and  Bear in 1956. I t  was 
la te r shown by H anson and  Lowv (1963) th a t  th e  actin  filam ent did indeed 
consist of a double helix of ap p aren tly  globular subunits, in agreem ent w ith 
one of the models p u t forw ard by Selby and  Bear (1 956). The ac tin  reflections
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from living frog sartorius muscle can be indexed on a helical n e t in which 
th e  p itch  of th e  helix is 355 A x 2 and in which there  are 13 subunits per 
tu rn  in each of the  chains. There are, however, some lower angle reflections, 
which have sim ilar characteristics to  the  o ther actin  lines, and  which have 
a  spacing of about 400 A, and  it  is not clear a t p resen t w hat exactly  is 
th e  origin of these la tte r  reflections.
W hen living muscles are stre tched  the  spacings and  re la tive in ten si­
ties of bo th  these system s of reflections are unchanged as was originally 
shown in 1 952. This provides a very  clear dem onstration th a t  changes in 
filam ent length  do no t occur during passive changes in length of the  muscle.
So far we have been concerned w ith  th e  m ost well-known features of 
these diagram s. However, if  we exam ine them  in g rea ter details with 
cam eras of im proved resolving power, we can see th a t th ey  contain a 
num ber of o ther well-defined reflections of a ra th e r more com plicated and 
in triguing natu re . In  th e  first place, there are strong reflections on the  
m eridian of these diagram s from  living muscles a t  spacings of 388 Á and 
444 A units. These do no t correspond to  th e  periodicity  of either the  actin  
or the  myosin helices and  apparen tly  arise from  some o ther system  in the 
muscle. As th e  system  which gives rise to  these reflections clearly has 
exactly  th e  same orien ta tion  as th a t  which gives rise to  the  reflections we 
have already  described, and  as th e  reflections are quite strong ones, it  
seems very  likely th a t  th ey  arise from  some o ther com ponent directly 
associated w ith  the  myofibrils ra th e r th an , say, w ith the  m itochondria or 
w ith th e  reticulum . In  the  electron microscope, especially in re la tively  
th ick  sections, a well-defined periodicity  is visible in bo th  th e  I- and 
A-band,o which has long been recognized as having a value in the  region 
o f 400 A. More accurate  m easurem ents m ade recently  have shown th a t  
th e  periodicity  in th e  I-bands corresponds to  the  shorter of these tw o new 
spacings, i.e. to  th e  value of 388 A in living muscle and th a t  in the. A -band 
corresponds to  th e  longer spacing, i.e. 444 Ä. Furtherm ore, i t  was sub­
sequently  shown by  Cohen and Longley (1966) th a t  a periodicity  of about 
380 to  390 A could be detected  in crystals of tropom yosin. There has been 
a good deal of evidence recently , indicating th a t  tropom yosin and  actin  
are associated together in some way in th in  filam ents, and  i t  therefore 
seems th a t  it is th is associated tropom yosin th a t we are picking up in  the  
low-angle x-ray  diagram . There have also, of course, been indications th a t  
th e  tropom yosin m ay play  some role in th e  regulation of th e  ac tiv ity  of 
th e  actom vosin and  its  repeating periodicity  m ay, therefore, tu rn  ou t to  
have some significance in relation  to  th a t  of actin  and  myosin.
The periodic stru c tu re  th a t  gives a repeat of 444 A in th e  A -band is 
ra th e r m ore m ysterious, for as y e t no additional com ponent has been 
identified in th e  th ick  filam ents, a p a rt from  myosin. There is, on th e  o ther 
hand, a certain  am ount of evidence (H uxley 1960, 1963) th a t  all the  protein 
of the  th ick  filam ents cannot readily  be accounted for by those myosin 
molecules having cross bridges which are visible in the  electron microscope, 
and  there  m ight well be, therefore, either additional myosin molecules 
buried  deeper in th e  filam ents or some ex tra  pro tein  com ponent. This 
should be investigated  by protein  chem istry.
A problem  we have been aware of for some tim e is th e  question of how 
th e  length of the  filam ents in muscle is determ ined. The th ick  filam ents
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appear to  have a very constan t length of abou t 1-55 to  1-6 p in the  muscles 
from  a large varie ty  o f anim als. The filam ents are built up of m any hundred 
m yosin molecules, and  it does no t seem to  me plausible th a t  such a precise 
and  constan t length  could be achieved by  a  kinetic mechanism. I t  appears 
more likely th a t  there  is some s tru c tu ra l mechanism  involved which ensures 
th a t  the  filam ents always assemble them selves so as to  have th is  precisely 
pre-determ ined length, and  th a t  th is  m ight give rise to  some of the  ex tra  
periodicities.
Let us now tu rn  to  th e  diagram  of muscles in rigor, i.e. muscles in which 
com bination between th e  cross bridges and  actin  filam ents alongside has 
tak en  jdace, and  le t us first of all consider th e  diagram s of muscles near 
to  rest length or shorter, in which there is a large region of overlap between 
th e  actin  and  myosin filam ents. I f  we look a t th e  very  wide-angle actin  
p a tte rn , i.e. th a t  a t  spacings of less th an  50 A, we find th a t  there is v irtually  
no detectab le change in either th e  spacing or th e  in tensity  of these reflec­
tions, except for the  first tru e  m eridional reflection a t  27-3 Ä, which is 
som ew hat m ore intense in the  rigor sjjecimens. This indicates th a t  th e  local 
packing of th e  actin  m onom ers is v irtually  unaffected when the  cross bridges 
a tta c h  to  them . The ac tin  reflection near to  59 A moves nearer to  the 
m eridian as though it were becoming associated w ith scattering  m a tte r a t 
a larger rad ius th an  th a t  of th e  actin  filam ents alone.
In  con trast w ith th e  behaviour of th e  actin  reflections, th e  myosin 
filam ents diagram  is g reatly  a ltered  when th e  muscle passes into rigor. 
We still observe a strong m eridional reflection a t  143-2 A, showing th a t 
th e  average axial repeat of th e  cross bridges is still the  same. B u t the 
characteristic  p a tte rn  of regular-space layer lines a t  in tervals of 429-6 A 
is no longer present, showing us th a t  a considerable change has tak en  
place in th e  helical arrangem ent of th e  cross bridges. In  th e  p a r t  of the  
diagram  where th e  cross-bridge reflections originally showed so prom inently  
(i.e. between 60 A and 430 A), we now see a series of som ewhat more diffuse 
reflections, which can be indexed on an actin-like lattice, indicating th a t 
th e  position of th e  cross bridges now conforms to  th e  rep ea t of the  active 
sites along th e  actin  filaments. Such a change can be achieved only if the 
cross bridges move, so the  result shows first of all th a t  th e  cross bridges 
move when th e  muscle passes into rigor and  th a t  th ey  do no t represent a 
constan t p a tte rn  for all s ta tes of the  muscle. Furtherm ore, there is quite 
a strong reflection now on a first layer line a t 380 A, and  ano ther reflection 
a t 229 A; this, together w ith the  subunit repeat of 143 A, can be indexed 
on a non-integral helix w ith  2-66 residues per tu rn , i.e. 8 residues in th ree 
tu rn s  of the  helix a t a tru e  repeat of 1140-1150 A. (I should say th a t  a 
sim ilar helix to  th is  one was first detected  by electron m icroscopy in insect 
flight muscle by Reedy) (in preparation). There are th u s indications th a t 
a change in th e  myosin filam ent helix m ay occur when th e  muscle passes 
in to  rigor, b u t from  these observations we cannot see w hether th is is due 
d irec tly  to  th e  absence of ATP or to  th e  com bination w ith actin , or to  the 
presence of calcium.
Now let us tu rn  to  th e  s tudy  of th e  x-ray diagram s given bv actively 
contracting  muscles. I t  is not possible to  keep an isolated muscle co n trac t­
ing continuously in an oxygenated R inger bath . The muscle m ust be left 
for a tim e betw een successive stim uli to  enable it to  recover. A schedule
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often  em ployed is one in which th e  muscle is stim ulated  for abou t one 
second a t one m inute intervals, and  carefully dissected muscles can continue 
to  respond satisfactorily  in th is way for 10 or 20 hours or more. By a rran g ­
ing th a t  a sh u tte r on the  x -ray  cam era is open oidy when th e  muscle is 
generating tension, we can build up th e  required  to ta l exposure tim e of 
10 or 20 m inutes by  adding together GOO to  1200 individual one-seccnd 
contractions, so th a t  the  to ta l tim e of th e  experim ent will be 10 or 20 
hours; as m entioned previously, th e  fastest cam eras th a t  we now use will 
record th e  m ain features of th e  low-angle x-ray  diagram  w ithin th is tim e. 
W hen the  diagram s from actively  contracting muscles are exam ined (iso­
m etric, and also w ith shortening by  10 per cent R .L.) we find th a t  the 
strongest characteristic reflections of the  axial p a tte rn , nam ely, th e  143-2 A 
m eridional reflection (showing the  average repeat of th e  cross bridges) 
and  th e  59 A off-meridional actln  reflection are unchanged in spacing. 
There m ay be a  small decrease in th e  in tensity  of the  143-2 A reflection, 
b u t th a t  of th e  actin  reflection appears unchanged, and we have not so 
far detected  any m ovem ent of th is  reflection nearer to  th e  m eridian. These 
results (Huxley, Brown, and  Holm es 1965) (which were also independently  
obtained by E llio tt, Lowy and  M illman 1965) show th a t  th e  repeating  
periodicities of th e  tw o types o f filam ents and  hence th e  over-all lengths 
o f those filam ents are unchanged during contraction. On th e  o ther hand, 
however, we find th a t  a large change is visible in th e  in tensity  of th e  off- 
m eridional p a r t o f myosin layer lines, which all become very  much weaker.
This indicates th a t  a  substan tia l change occurs in th e  helical p a tte rn  
of cross bridges when th e  muscle becomes active, and  th a t th e  arrange­
m ent of cross bridges changes to  no t m erely a new, b u t equally  highly- 
ordered form. Surprisingly, a large com ponent of th is  m ovem ent m ust 
be e ither rad ia l or circum ferential ra th e r th an  axial, for a random  axial 
displacem ent of cross bridges would be expected to  greatly  dim inish the 
in ten sity  of the  143 A m eridional reflection. One can say th a t  an  unsvnchro- 
nized m ovem ent of the  cross bridges takes place so th a t a  consistent helical 
repeat is n o t p resent over a substan tia l length of the  filam ent a t  any  given 
tim e. The fact th a t  the  59 Ä actin  reflection is relatively  constan t in posi­
tion , and  th a t  th ere  is little  sign in the  diagram s we have obtained  so fa r 
(with a t  p resent available exposure time) of any  add itional reflections 
characteristic o f muscles in rigor, indicates th a t  no t all the  cross bridges 
are a ttach ed  to  the  actin  filam ents sim ultaneously during isom etric con­
trac tion . I f  all the cross bridges were a ttach ed  sim ultaneously th is  would 
indicate th a t the  range of m ovem ent of the  cross bridges (supposedly 
oscillating to  and  fro in contraction) lay in the  region of 50-100 A. I f  only, 
say, one th ird  of the  cross bridges are a ttach ed  a t any  given tim e th is 
would indicate a m ovem ent of 15-30 A approxim ately  and, therefore, it 
is im portan t to  ob tain  d a ta  from  m uch longer exposures th a n  have been 
possible so far, to  investigate th is  m atte r fu rth e r by  setting  lim its on the  
proportions of bridges a ttach ed  a t any  given tim e.
To sum m arize, the  actin  and  myosin molecules are arranged  in their 
respective filam ents in a very  regular helical m anner. The pitches of 
the  tw o helices in resting muscle are no t th e  same nor are th e ir subunit 
repeats equal. The presence of additional com ponents is ind icated  by the  
x-rav  diagram . When th e  muscle passes into rigor the  position o f the  cross
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bridges on th e  myosin filam ents changes so th a t a substan tial num ber of 
them  fall into a p a tte rn  com patible w ith the  helical arrangem ent o f active 
sites on the  actin  filam ents. The actin  filam ents them selves do no t undergo 
any  substan tia l change in th e ir local packing, b u t th ere  are indications 
th a t  a small change in th e ir long helical period from  355-380 A may 
tak e  place. W hen the  muscles become active, th e  regular arrangem ent of 
th e  cross bridges is d istu rbed  so th a t  th ey  no longer give rise to  a readily 
detectab le x-ray  p a tte rn  and  we can, therefore, say th a t  m uscular con­
trac tio n  is associated w ith m ovem ent of th e  cross bridges, though much 
fu rth e r work is needed to  define th e  exact na tu re  of th is  m ovem ent more 
precisely.
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Szen t-Gy ö r g y i: D r H uxley, would you m ind to  elaborate on your 
observations th a t  in  rigor all th e  cross bridges appear to  be linked to  actin , 
while in th e  con tracted  muscle only a portion  of them , even though all 
of th e  cross bridges have moved, as ind icated  by th e  lack of regular p a tte rn  
o f layer lines in p ictures ob tained  from  contracted  muscles?
H u x l e y : The resu lts would indicate either:
(i) th a t  th e  process of activation  itse lf d isturbes or changes th e  arrange­
m ent of cross bridges sufficiently so th a t  even when a relatively  small 
p roportion  o f them  are a ttach ed  to  actin , a large reduction in th e  streng th  
o f the  x-ray  reflections re la ted  to  those from  resting muscle is produced, or
(ii) th a t  th e  a ttach m en t of a relatively  small num ber of cross bridges 
to the  ac tin  d isturbes th e  re st of th e  s tru c tu re  sufficiently to  weaken th e  
x-ray  reflections in th e  observed m anner.
E dmajst: 1 should like to  ask, Dr H uxley, w hether it has been possible 
to  do x-ray  studies of th e  g lycerinated  muscle during contraction. I  would 
be particu larly  in terested  to  know w hether the  side-to-side d istance between 
th e  filam ents is a ltered  in a way sim ilar to  th a t  observed in th e  living 
muscle.
Hu x l e y : kSo far i t  has no t been possible to  do x-ray  studies o f glycer­
in a ted  muscle during contraction  because of the  difficulties of diffusion of 
ATP into sam ples large enough to  give an  x-ray diagram  w ithin a p rac ti­
cable tim e.
E d m a n : A com parative stu d y  of th a t  kind would be of g reat in terest 
in view of the  fact th a t  th e  length-tension  relationship in the  living muscle 
cell (E dm an 1966) appears to  be basically different from  th a t  found in the  
g lycerinated  muscle fibre (Edm an 1964).
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A l b e r t : D r Huxley suggested th a t  in a muscle in rigor th e  num ber of 
cross links between the  two sets of filam ents was probably  larger th an  in 
a  norm al contraction. This implies, I  sujipose, th a t  th e  muscle in rigor 
should be the  stronger and  able to  resist w ith a larger tension to  an imposed 
s tre tch  (10 to  30 per cent). Now, th is is certain ly  tru e  a t very short lengths 
(say 2/3 /„, s tan d ard  length) in th e  case of frog sartorius during iodoacetate 
rigor, b u t no t a t lengths equal to , or larger th an , Z0. Could you explain 
th e  fact described by G. M aréchal?
H u x l e y : 1 do no t th ink  th a t  it necessarily follows th a t  resistance to  
stre tch  of a muscle in rigor should be g reater th an  th a t  of an  actively 
contracting  muscle. There could be tw o factors involved: first, th e  point 
a t  which the  bridges break off during stretch  of a rigor muscle m ay be such 
th a t th ey  are no t all broken sim ultaneously during stre tch ; secondly, it 
m ay be th a t  a bridge during the  sp litting  of ATP can generate more tension 
th an  a passively ex tended  one. However, th is is an interesting question 
and  should be given fu rth e r thought.
H asselbach : I  w onder if you can give us some inform ation, from  your 
x-ray  diagram s of th e  resting muscle, concerning the  therm al m otion of 
the myosin side bridges.
H u x l e y : There is certain ly  a fade out, particu la rly  of the  non-m eridional 
p a r t  o f th e  myosin x-ray  p a tte rn  as one goes to  higher angles, which 
indicates a m uch larger tem peratu re  factor th an  is present, for instance, 
in th e  arrangem ent of the  protein subunits of tobacco mosaic virus. 
However, J  would no t like a t present to  m ake an estim ate of the  average 
m ovem ent involved.
R in a l d i: D o the  cross bridges correspond to  the  helical n a tu re  of actin  
an d  myosin and do th ey  change during ac tiv ity  ?
H u x l e y : Yes, the  cross bridges correspond to  the  helical arrangem ent o f  
myosin molecules in th e  myosin filam ents, and  a change in th e ir arran g e­
m ent does appear to  tak e  place during ac tiv ity .
R i c e : W hat is th e  thickness of th e  heavy  meromvosin th in  filam ent 
complex ?
S z e n t -G y ö r g y i : I  do no t th in k  one can give a q u an tita tiv e  value for 
th e  d iam eter of the ac tin  heavy m erom vosin complex from  these p a tte rn s, 
except th a t  the  filam ents of actin  heavy meromvosin complex are th icker 
th an  filam ents of ac tin  alone. This agrees w ith the  electron-m icroscopic 
observations.
B í r ó : I  should like to  ask. D r Huxley, w hether it can be taken  as g ran ted  
th a t  the  packing of the  myosin molecules in th e  A-rods in th e  native s ta te  
o f the  myofibril is as tig h t as it is seen in the  well-known cross-section 
p ictures obtained  w ith fixed m aterial. 1 p u t th is question, because some of 
our experim ents on the  try p tic  digestion of myofibrils, carried ou t in 
common with D r B álin t, showed a surprisingly easy accessibility of th e  
myosin bu ilt in m yofibrils to  th e  action o f trypsin . This is in m arked
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F i g . 1. — U ltracentrifugation o f H asselbach-Sehneider e x ­
tract o f  myofibrils digested in the presence o f  Ca ions; 5-5 
m g/m l protein concentration, 198 000 g, 20° C, bar angle 
55°; photographed 55 min after reaching full speed
contrad iction  with experiences showing th a t the  tig h t aggregation of 
p ro tein  molecules interferes heavily w ith their p ro teolytic degradation. 
One such exam ple is th e  case of actin  which in unpolym erized s ta te  is 
ra th e r easily digested by trypsin , while when polym erized it is resistan t. 
A sim ilar phenom enon is described by Kleczkowski and  van  K äm m en 
(1961) in the case of aggregation of tobacco mosaic virus particles to  virus 
rods. In  view of these and  sim ilar findings, the  observation of Szent- 
Györgyi and  H oltzer (1963) th a t  myofibrils tre a ted  with trypsin  are com ­
pletely dissolved in a few m inutes is ra th e r unexpected. W e carried out 
sim ilar experim ents in m ilder conditions (with a trypsin  to  myofibril ra tio  
of 1 : 190) and  we ob tained  practically  com plete dissolution in a few 
m inutes. This ty p e  of observation could possibly be explained by  a m echa­
nism w hereby th e  myosin molecules on th e  surface of the  A-rods would 
be fragm ented  and, as H -m erom yosin is com pletely soluble and  L-m ero- 
myosin is no t quite insoluble in these conditions, the  fragm ented  molecules 
move in solution th u s exposing th e  deeper regions. By studying  th e  diges­
tion of myofibrils in the  presence of Ca ions, however, we ob tained  results 
which could be more sim ply explained by assum ing for the  A-rods a loose 
gel-structure penetrab le bv  trypsin  molecules: when myofibrils are digested 
in th e  presence of 0-01 m  CaCl2 very little  p rotein  moves in solution (approx. 
30 per cent) b u t th is  is no t due to  the  lower ra te  of pep tide bond splitting  
(Biró and Bálint 1966) in these circum stances. I f  we ex trac t the  undissolved 
protein  by H asselbach-Sehneider solution (Hasselbach and  Schneider 
1951) and  exam ine th e  ex trac t in  th e  u ltracentrifuge th e  p ictu re obtained 
shows th a t p ractically  all myosin rem aining in th e  m yofibrillar s tru c tu re  
is fragm ented  (Fig. 1). The faste r peak is ra th e r complex and  its  iden tity  
is hard  to  recognize. I t  could contain unfragm ented myosin. The slower
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peak, on th e  o ther hand, has an S.,{, value of 2-54; th u s it is in all p ro b ­
ab ility  L-meromyosin. I ts  am ount is roughly 30 per cent of the  to ta l 
protein ex tracted . Thus there  can be very little , if any, unfragm ented 
myosin. As th is  excessive digestion was ob tained  in undissolved sta te , we 
suggest th a t  the  A-rods in the  native s ta te  form a loose gel-structure 
penetrab le by trypsin  molecules.
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H u x l e y : I  th in k  the  observations on the  try p tic  digestion are very  
in teresting ones. The myosin molecules are very probably  fairly loosely 
[tacked w ithin the  th ick  filaments. On the  o ther hand, the  site on the  myosin 
molecules which is susceptible to  try p tic  digestion, i.e. the  region joining 
th e  light and  heavy m erom yosin p arts  of the  molecule m ay perhaps lie 
close to  th e  surface of th e  filam ents, since a considerable p a r t  of the  heavy 
meromyosin molecule is, we believe, projecting out sideways from  the 
filam ents in th e  form of cross bridges.
G er g e l y : The inex tractib ilitv  of the H-m erom vosin of the  digested 
myofibril could no t be a ttr ib u ted  to  the  fact th a t  it rem ains bound to  the  
actin  structu re , could it?
B i r ó : The m echanism  w hereby H -meromyosin rem ains undissolved 
when th e  myosin is fragm ented in  situ  is irre levan t from  th e  po in t of view 
of m y question. In  fact we, too, believe th a t  th is  insolubility is caused by 
the  binding of the  H-m erom vosin p a rts  to  the  actin  structures. W h a t is 
of in terest is th e  fact th a t  the myosin fragm ents rem ain in th e  myofibril 
bu t, in spite o f this, v irtua lly  all random  regions can be split by trypsin .
Strickholm : I  wish to  ask, D r H uxley, if  any th ing  is known about 
the  n a tu re  of the  bonds involved in the  cross-linked filam ents seen between 
actin  and myosin. Are these filam ents linked bv covalent bonds, or m ight 
th ey  perhaps be charged groups a ttra c tin g  between actin and  myosin? 
Or, instead, could th ey  be s tructu ra l end-groups projecting outw ards, 
which serve perhaps an  enzyme function and  are n o t involved in develop­
ing m echanical force?
H u x ley  : As far as I  know there  is very little  definite chemical evidence 
concerning th e  n a tu re  of th e  bonds between actin  and  myosin, ap a rt from 
th e  fact th a t  SH-groups are im p o rtan t in them . As actin  and  myosin are 
generally agreed to  be capable of forming a  complex in solution, it seems 
reasonable to  suppose th a t  such a complex or com bination would form 
in app ropria te  conditions w ithin the  muscle and  th a t  th is com bination 
is likely to  be represen ted  by the  a ttach m en t of the heavy meromyosin 
projections on the  th ick  filam ents where th ey  touch the  ac tin  m onom ers 
in the  th in  filaments. Of course, it is possible th a t  the  force in  a muscle 
is developed in  some en tirely  different s tru c tu re  which is invisible in m ost 
conditions (though th e  fact th a t  syn thetic  actom yosin th read s developed 
tension would indicate th a t  these proteins are responsible for developing
m echanical force) bu t i t  seems more sensible to  suppose th a t  the  force 
is developed a t  th e  points where our presen t s tru c tu ra l inform ation tells 
us th a t  it could be developed and  to  see if  we can build up a reasonable 
account of th e  properties of muscles on th is basis. So far efforts in this 
direction seem to  have been reasonably successful.
D y d y n sk a : The question which 1 should like to  ask is if it is possible 
to  tell som ething abou t th e  role of A D P bound to  G-actin molecules in 
th e  process of form ing cross bridges w ith myosin. In  the  course of glvcerina- 
tion of frog sartorii I  tr ied  to  get the  fibres com pletely free of A D P bound 
to  ac tin  and these fibres did  no t contract in ATP addition.
H u x l e y : I  am  afra id  th a t  our own results do not tell us any th ing  a t 
p resen t abou t th e  possible role of bound ATP in actin  in the  form ation 
of cross bridges w ith myosin. However, 1 wonder w hether in the  experi­
m ent m entioned by D r D ydynska denatu ration  of th e  ATP free actin  
m ay have tak en  place, for one m ight have supposed th a t subsequent ad d i­
tion  of ATP would lead to  th e  rea ttach m en t of nucleotide to  th e  actin 
structu re .
Szent-Gy ö r g y i: Both Oosawa and  co-workers and B árány and  co­
workers ob tained  preparations of K-actin which were capable of com bin­
ing w ith myosin. The actom yosin com plex formed could undergo super- 
p recip ita tion  in app ropria te  conditions.
G e r g e l y : Glycerination m ay cause o ther changes in the  fibres, and the 
lack of contraction  on the  addition  of ATP m ay be a reflection of these 
changes and not of the  rem oval of ADP.
Gu b a : I  would like to  raise some points in connection w ith D r H uxley’s 
report. As has already  been reported  (Guba and co-workers 1965a, 1965b), we 
have exam ined th e  u ltra s tru c tu re  of m yohbrils of rab b it m. psoas by electron 
m icroscopy, using glu tara ldehyde fixation. From  th e  d a ta  ob tained  by 
m easuring th e  d iam eter and  spacing of filam ents in cross-sections we 
have come to  th e  conclusion th a t  th e  prim ary  filam ents are form ed from 
th e  fairly  loose aggregation of protein  molecules (predom inately myosin). 
I t  seemed th a t th e  colloid s ta te  of these micellae changes during the 
muscle ac tiv ity . R ecently , we have got fu rth e r evidence showing th a t  the  
p rim ary  myosin micellae are fa r less rigid in com parison with the  secondary 
ones. We have tried  th e  freezing and thaw ing m ethod (generally used 
to  prepare polysom es from bacteria) to  prepare filam ents from  isolated 
myofibrils. The th in  filam ents obtained  proved to  be myosin (Fig. 2). 
A nother po int I  w anted to  raise concerns the  superprecipitation of ac to ­
m yosin gel. I t  is common to  ta lk  ab o u t such a system  as a model for 
muscle fibre. In  an  orien ted  actom yosin gel which exerts a considerable 
force during shortening, indeed, a filam entous build-up can be seen as 
revealed by  electron microscopy. I  should like to  ask Dr Huxley if he has 
done diffraction experim ents with orien ted  actom yosin gel and  w hether 
he th inks th a t  in such a system  a sliding m echanism  could exist or no t?
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F ig . 2 — F ilam ents prepared from isolated myofibrils; X 74 000
Hu x l e y : I  am very in terested  to  hear of Dr G uba’s resu lts abou t the  
character of th e  aggregation of th e  myosin molecules in the  th ick  filaments. 
We, too, have found th a t  the  d iam eter of th e  thick filam ents in resting 
muscle a fte r g lu tara ldehyde fixation lies nearer to  abou t 170 A (in agree­
m ent w ith  our earlier results by x-ray diffraction) ra th e r th an  th e  110 Ä 
value app aren t a fte r osmium te trox ide  fixation. However, a sm aller d iam ­
eter is still apparen t in glutaraldehvde-fixed m aterial from  muscles in 
rigor.
Concerning D r G uba’s question abou t x-ray  diffraction experim ents on 
oriented actom yosin gels, we have no t so fa r succeeded in orienting the  
artificial gels sufficiently well, to  give usable low-angle diffraction diagram s. 
I  th in k  it is very likely th a t  such gels con tract in ATP bv a sliding m echa­
nism tak ing  place in a som ewhat less highly-organized system  th an  a stria ted  
muscle. Our studies on th e  assem bly of myosin molecules into th ick  fila­
m ents have shown th a t  in  vivo these can form w ith the  required  reversal 
of po larity  in the  arrangem ent of the  myosin molecules a t th e  centre of 
th e  filam ents, so th a t  th ey  could draw  in actin  filam ents from  either end. 
No doubt, m any of the  filam ents in actom yosin gels have th is  polarity  
reversal and  so it is now becoming a little  easier to  see how such a system 
can have th e  p roperty  of always shortening in response to  ATP addition, 
for th e  m ovem ent of actin  filam ents in tw o opposite directions tow ards each 
o ther m ust always lead to  an over-all shortening of th e  system  as a whole.
Garamvölgyi: On th e  In te rn a tio n a l Biophysics Congress in V ienna 
l p resented some polarizing microscopic observations concerning th e  ex ten ­
sibility of th e  p rim ary  filam ents (Garamvölgyi 1966a).This Symposium 
gives th e  possibility to  speak abou t ano ther serious s tru c tu ra l problem
which is also in  connection w ith the  polarizing optical p roperties of the 
myofibril. I t  is a well-known fact th a t, a lthough the  Z-lines are bire- 
fringent, th e  contraction bands (C2) appearing a t  the  site of th e  Z-lines are 
of non-birefringent character.
I t  is also well-known th a t  th e  insect flight muscle fibrils do n o t exhibit 
m icroscopically visible I-bands, except in th e  s ta te  of s tretch , and  so it is 
p ractically  impossible to  distinguish by light microscope th e ir shortened 
or resting  sta te . The Z-lines of short sarcomeres, lacking in I-bands, are 
non-birefringent, as are the  Cz-bands of th e  v erteb ra te  muscle. If, as a 
result of elongation, I-bands are present, the  Z-lines become birefringent 
(e.g. Garam völgyi 1966b).
Some years ago we produced artificial contraction bands, by rem oving 
the  dense substance of th e  Z-lines and  by adding ATP to the  fibrils. The 
newly form ed ‘Z ’-lines contain th ick  filam ents running  in a parallel direction 
and, no tw ithstanding , th ey  exhibit a  non-birefringent optical character 
(Garamvölgyi 1965b).
It is not easy to  find a satisfying in te rp re ta tio n  of th is phenom enon. 
Let us see w hat m ay happen to  the  ends of the  p rim ary  filam ents, if  th ey  
te rm in ate  a t  th e  A -I  junction, when th e  A -I  junction approaches the  
Z-lines in th e  course of shortening. According to  an earlier assum ption 
of D rs H anson and H. E. H uxley, the  ends of the  p rim ary  filam ents m ay 
bend, or crumple, resulting  in irregularly-arranged zones on bo th  sides of 
th e  Z-line (Hanson and  H uxley 1956). The p rim ary  filam ents which are 
bent could really  ex tinct th e  double refraction of th e  zones on bo th  sides 
of th e  Z-line, b u t they  would no t influence th e  character of th e  Z-line 
itself. On th is  basis we could expect double refracting  Z-lines, edged by 
narrow  non-birefringent zones, b u t no t a non-birefringent contraction band.
The o ther possibility is th e  penetra tion  of th e  p rim ary  filam ents into 
the  Z-line, th u s bringing abou t a double overlap of th e  p rim ary  filaments, 
as suggested recently  by Professor Hoyle. The in terp re ta tion  is even more 
difficult in th is  case, because a double overlap of th e  prim ary filam ents 
would result in an increase and  not in an  ex tinction o f th e  birefringence 
of th e  contraction  bands. This was clearly dem onstrated  bv D r Aronson, 
when he b rough t abou t th e  double overlap artificially (Aronson 1963).
The presence of the  p rim ary  filam ents inside th e  Z-lines of shortened 
sarcom eres, as dem onstra ted  by  the  team  of Professor Hovle (Hoyle et al. 
1965), can perhaps be in te rp re ted  in connection w ith m y observations. 
1 also found th ick  filam ental portions inside the  Z-line, corresponding to  
the  p rim ary  filam ents (Garamvölgyi 1963). I t  is very in teresting  th a t in 
the  Z-lines of stre tched  myofibrils of th e  bee these Z-filaments are much 
th in n er and one has th e  impression th a t  th e ir m aterial has been drawn 
ou t from  th e  Z-lines in to  both  halves o f the  I-b an d  (Garam völgyi 1965a).
The Z-lines containing th e  very th ick  and  regularly-arranged Z-filaments 
are non-birefringent, b u t those of s tretched  fibrils, in which there is a less 
regular a rray  and  less m aterial, are double refracting. This is quite the 
opposite in relation to  th e  change in birefringence of w hat we should expect 
on th e  basis of th e  theo ry  of composed bodies. I  shall try  to  find an  exp lana­
tion  for this strange behaviour of the  Z-lines on the  basis of m y sarcom ere 
model recently  proposed (Garam völgyi 1965a). This model is based on the  
continu ity  o f th e  prim ary  myofilam ents. I suggested th a t  th e  th in  portions
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of the prim ary  filam ents m ay en ter the Z- 
lines by rolling up, thus producing the  th ick  
Z-filaments of the  sho rt sarcomeres. In the  
case o f relaxation , or passive stre tch , the  sub­
stance of th e  Z-filaments will be draw n out 
from  th e  Z-lines. This m eans th a t, as a result 
of shortening, the  am ount of substance will 
increase inside th e  Z-lines (Garamvölgyi e t al.
1964). Consequently, it seems probable th a t  
th e  substance entering the  Z-lines would 
con tribu te to  the  ex tinction  of the  b irefrin ­
gence in th e  contraction bands.
The double refraction of regularly  arranged 
system s consists of the  intrinsic birefringence 
and  of th e  form birefringence. If  we suppose 
the  prim ary th in  filam ents to  shorten by ro l­
ling up, we m ay expect th a t  a t  the  beginning 
of shortening the  spirals are extended, th a t  
means th e  twofold elevation angle of the  
spiral will be close to  180°. So the  effect of 
th e  half tu rn s  will be increased by the  oppo­
site half tu rn s  and  to  th is increased intrinsic 
double refraction th e  form birefringence is to  
be added. B y fu rth e r shortening, there  will 
be a position a t which th e  opposite half tu rn s  
will be perpendicular and  th u s th ey  will 
m utually  ex tinct the  effect of each other.
As a consequence, th e  intrinsic birefringence 
will be zero, while th e  form birefringence m ay 
steadily  grow by  th e  increase in the  d iam eter 
of the  spiral. In  the  final s ta te  of shortening 
th e  tu rn s  of th e  spiral will s tan d  perpen­
dicularly to th e  filam ent axis and  so there  is a possibility of explain­
ing the  ab ru p t change in the  polarizing-optical character, for the  intrinsic 
birefringence of opposite sense m ay ex tinct the  form double-refraction 
th u s resulting in a to ta l double refraction o f practically  zero.
My in te rp re ta tio n  is, of course, nothing else th an  a m ere speculation 
based on results obtained by light and  electron microscopy, th a t  is to  say, 
an experim ent to  synthesize th e  different observations. 1 were very  glad 
if I  could d irect the  a tten tio n  of th e  Symposium  to  th is basic question. 
F inally , le t me do an inform ative reckoning to  check w hether there is, 
or not, enough space inside th e  Z-lines for the  suggested rolling up of the 
filaments. The diam eter of the  very  th ick  Z-filaments of the  short sarcom eres 
is abou t 200 A. The w id th  of the  Z-line is 1000 A, b u t we can tak e  onlv 
its half, because tw o half I-bands belong to  each Z-line. The m axim um  
length of the  I-b an d  is abou t 1 /x, i.e. 10 000 A (Fig. 3). F rom  these values 
we can obtain  how m any tu rn s  are needed to  tak e  up the  th in  filam ents 
connecting th e  p rim ary  filam ents to  the  Z-lines: 2rmi =  10 OOOw ^ 1 7 .  
Now let us see the  possible m axim um  own diam eter of the  filam ents rolling 
up: 500/17 =  30 A; a quite realistic value for th in  filaments.
F ig . 3. — Schem atic representa­
tion of the suggested m echa­
nism o f shortening and stretch  
o f primary m yofilam ents in the  
region o f  the /- lin e . 1 shorten­
ed, 2 m oderately stretched, 
3 stretched to  the m axim um  
I-band length. The secondary  
filam ents have been om itted
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T r e g e a r : In a few x-ray experim ents upon a g lycerol-extracted insect 
flight muscle, perform ed with D r K. C. Holmes and  D r VI. K. Reedv (Tregear 
and  co-workers 1966) we stretched  th e  muscle by 5 per cent in rigor, in the 
hope of observing changes in the  m eridional periodicities. No changes 
were seen, y e t electron-m icroscopic observations by Mr D. C. S. W hite 
(unpublished) show th a t  th e  A -band does increase in length during such 
extension. These observations need repetition  under carefully controlled 
conditions, bu t prim a facie th ey  indicate either th a t  the  A-filaments slip 
in a quan tised  m anner, or th a t  th ey  are pulled ou t from  some source in 
th e  th ickened  ends of th e  filam ents or in the  Z-disc itself.
R E F E R E N  C E
Tregear, R. T., H olm es, K. C. and Reedy, M. K. (1966) N ature  207, 1276
G a r a m v ö l g y i: I  th in k  th a t  a  slight elongation of the  p rim ary  filam ents 
in th e  region of th e  A -I  junction  would not change the  x-ray  diagram  
considerably. U n til th e  'no-overlap p o in t’, i.e. u n til 5 // sarcom ere length 
in th e  insect flight muscle, I  am  practically  no t in conflict w ith the  assum p­
tion  of th e  constancy of axial spacing o f bo th  th e  myosin and  actin  fila­
m ents. I  also observed th a t  the  length  of th e  A -band is practically  constan t 
in the  sarcom ere length range o f 3-5 p. On th e  o ther hand , m y con trac­
tion scheme does no t require the  shortening of th e  secondary filaments. 
I  did  no t perform  any x -ray  diffraction experim ents, b u t on th e  basis of 
m y model I  should theoretically  expect the  same resu lt as ob tained  by  th e  
team s of D rs H anson and  H ugh H uxley.
H u x l e y : In  th e  case o f th e  very stre tched  flight muscles, have you 
carried  ou t filam ent counts in the  1-bands to  establish  w hether the  num ber 
of filam ents there  correspond to  the  num ber of norm al th in  filam ents 
expected  for th e  p articu la r num ber o f th ick  filam ents presen t in th a t 
particu la r fibril, plus th e  num ber of additional filam ents to  be expected 
in th e  A-filaments are continuous up to  th e  Z-line?
G a r a m v ö l g y i: Filam ent countings have been perform ed only in mod 
era te ly  stre tched  fibrils. In  these fibrils there  is a regular double-array  of 
filam ents in th e  I-b an d  too, i.e. the  sites of the  p rim ary  filam ents are 
not em pty, b u t filled ou t by  th in  filam ents. In  h ighlv-stretched fibrils the  
counting is very  uncertain . Some th in  filam ents can im ita te  one single 
filam ent by ap p a ren t un iting  and  also accidental dots can be counted as 
filam ent profiles. I  do no t regard  filam ent countings reliable in stretched  
myofibrils.
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F ig . 4. —Two interpretations o f some observations: 
Garamvölgyi H anson
/ E-band =  A-band o f unstretched  
sarcomere
A-band T  tw o half I-bands
•} dense part o f A-band A-band
3 stretched m yosin filam ents h a lf I-band
1 additional elongation zone H-zone
■5 I - band irreversiblv stretched zones
H a n s o n : I  have m ade some observations sim ilar to  those of D r Garam - 
völgyi, b u t I  have in te rp re ted  them  differently (Hanson 1956). F igure 4 
is based on one o f D r G aram völgyi’s photographs (Garamvölgyi 1966). I  
used blowfly (Calliphora) indirect flight muscle. I  w ant to  m ention now 
some of th e  evidence supporting my in terp re ta tion . A fter ex tracting  myosin 
from  th e  fibril, th e  optical density  of the  I-zone was considerably higher 
th an  th a t  of the S-zone, suggesting th a t the  actin  filam ents term inate  a t 
th e  border between the  I- and  S-zones. This was supported  by two fu rth e r 
findings. Potassium  iodide ex trac t ion of th e  ‘ghost’ resulted  in a  uniform ly 
low optical density  from  one Z-line to  the  next. W hen a solution of rab b it 
myosin was applied to  a fibril from which myosin had been ex tracted , the  
rab b it myosin was taken  up by th e  I-zone bu t not, apparen tly , by  the 
S-zone.
R  E F E R E N C E S
Garam völgyi, N . (1966) A cta  biochim. biophys. A cad. S e i. hung. 1, 89 
Hanson, J . (1956) ./. B iophys. Biochem. Cytol. 2, 691
Garamvölgyi: I  cannot agree w ith  your in te rp re ta tio n . The first po int 
o f your figure says th a t  I  have confused tb e  I-bands w ith  th e  E-zones. 1 have 
checked th is  question very carefully (Garam völgyi 1966a). In  th e  polarizing 
microscope I  found th e  I-bands to  be practically  non-birefringent on all 
sarcom ere lengths, b u t th e  E-zones exhib ited  a still considerable double­
refraction, i.e. abou t 50 per cent of the  original birefringence o f th e  A -band. 
Thus th e  E-zones can originate from  the  s tre tch  of the  A -band and th ey  
cannot be confused w ith th e  non-birefringent I-bands.
Concerning your fou rth  point I  can say th a t  I  accept your s ta tem en ts  on 
th e  constan t length of bo th  th e  A -band and  th e  I-segm ent, a t  a certain  
sarcom ere length  range. I f  th is is really  so, the  whole A -band has to  get 
th e  character of an H-zone a t  abou t 5 p  sarcom ere length. Now, the  additional 
decrease in density  in the  middle of the  A -band appears beyond th is  lim it. 
According to  your theory , the  en tire  A -band, no t only its  m iddle, is equal
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to  th e  H-zone a t  these sarcom ere lengths. Let me point ou t th a t  a quite sim i­
lar decrease in density , a t  th e  same site, in correspondingly highly- 
s tre tch ed  frog myofibrils has been observed recently  by  D r Sally Page 
(1965).She also sta ted  th a t  these zones cannot be H-zones. I  fully agree 
with her s ta te m e n t!
F inally , your fifth  po in t shows quite clearly th e  source of our present 
controversy. In  1956 you found irreversibly stre tched  zones in fly muscle 
fibrils (Hanson 1956). Quite different relations are ruling in th e  muscle 
of the  bee. In  th is species even extrem e degrees of s tre tch  are reversible, 
a t  least in re la tion  to  th e  sarcom ere length (Garamvölgyi 1966b). Thus 
my I-bands cannot be irreversibly stretched  zones. I  propose to  check 
jo in tly  the reversibility  of s tre tch  in our objects used, because th is 
seems to  be a decisive factor in our controversy.
K E F E R E N C E S
Garam völgyi, N . (1966a) A bstr. 2nd In tern . B iophysics Congress. N o. 487, Vienna  
Garam völgyi, N . (1966b) A cta  biochim. biophys. Acad. Se i. hung. 1, 89 
Hanson, J. (1956) J .  biophys. biochem. Cytol. 2, 691 
Page, S. (1965) J .  Celt Biol. 26, 477
H anson : In  one of your longitudinal sections the  th ick  elem ents in the 
Z-line lie a t  an angle to  the  fibril axis and  to  the  filaments. How do you 
explain th is?
Garamvölgyi: The fact th a t  in the  electron m icrograph presen ted  the  
axis of the  p rim ary  Z-filaments slightly declines from  th e  m yofibrillar 
axis is m erely accidental and not usual. I t  is due to  distortion. I  presented 
some o ther electron m icrographs in which th e  p rim ary  filam ents cross 
s tra ig h t the  Z-line (Garamvölgyi 1963, 1965).
H E F E R E N C E S
Garam völgyi, N . (1963) J .  de M icroscopic  2, 107 
Garam völgyi, N . (1 965 )./. TJltrast. Res. 13, 409
H o y le : In  recent studies on th e  s tru c tu re  of rab b it psoas muscle and 
of th e ir Z-discs we have concluded th a t  there  is a basic fram ew ork o f very 
th in  filaments. According to  th e  model we have developed, based on these 
findings, there is one very  th in  filam ent for each actin  and  two for each 
myosin. The la tte r  m ay be located down th e  core or outside o f the  myosin. 
Such filam ents could resu lt in an  appearance very  sim ilar to  th a t  which 
you observe, and  also to  the  very in teresting  appearance of isolated prim ary  
filam ents of flight muscle shown by  D r Guba.
In view of th e  theories of the  s tru c tu re  of the  Z-disc of v e rteb ra te  muscle 
presented by  K nappeis and  Carlsen, P o rte r  and  Franzini-A rm strong and 
R eedy, it would be of g reat in te rest to  know th e  fine s tru c tu re  of th a t  of 
flight muscle. H ave you exam ined this, and  in particu lar, have you con­
sidered th e  mode of a ttach m en t to  the  disc of the  fine ends of your prim ary 
filam ents ?
Garamvölgyi: In  the  Z-line of the  insect flight muscle there is a hexagonal 
and  n o t a te tragonal array . The paper of D r Auber and  Prof. Couteaux 
(1963) dealt w ith th e  stru c tu re  of the  Z-line of th is kind of muscle. I  also 
observed the  same arrangem ent.
It E F E  I; E N  ( ’ E
Auber, J . and Couteaux, It. (1963) ■/. de Mieroscopie 2, 309
H o y l e : Have you any  inform ation as to  w hether or n o t the  fine filament 
which you find emerging from the  myosin filam ent is present also in 
v erteb ra te  muscle ?
Garamvölgyi: N o, I  have no inform ation on th a t. My sta tem en ts concern 
th e  insect flight muscle and  I w an t to  avoid a mechanical generalization. 
I t  is tru e , however, th a t  the  problem  of the  Z-line —* Cz-band tran sfo r­
m ation represents a  serious problem  concerning v erteb ra te  muscle, too. 
Also th ere  is a  change in th e  polarizing-optical property . I  regard  it 
extrem ely  necessary to  exam ine th e  stru c tu re  of the  verteb ra te  Cz-band. 
I  ju s t s ta rted  to  do a work of th is kind.
G u b a : I  should like to  present one slide which I  th in k  can throw  some 
light on the  question of th e  con tinu ity  of th ick  filam ents in  the  insect 
muscle (Fig. 5). The prepara tion  of filam ents followed D r H uxley’s m ethod 
(Huxley 1963).
The sta rtin g  m ateria l was locust thoracic muscle. As can be seen in 
th e  picture, th e  th ick  filam ents tap e r and  th ey  seem to  have a th in  core 
which is surrounded by th e  aggregation of ano ther m aterial, likely myosin. 
One can im agine th a t  there  is a  continuous filam entary system  in the  
sarcom ere of insect myofibril to  which myosin molecules giving the 
appearance of p rim ary  filam ents are a ttached . This explanation  would 
be in agreem ent w ith Dr G aram völgyi’s observations presen ted  here.
R E F  E  R E  N C E
Huxley, IF. E. (1 963 )./. molec. Biol. 7, 281
H anson : W hat is th e  fine s tru c tu re  of th e  th in  extension of th e  prim ary 
filam ent ?
H u x l e y : W ith reference to  your very in teresting m icrographs, in which 
th in  filam ents can be seen extending in th e  same straigh t line from  the  
end of th ick  filam ents of th e  insect flight muscle, and  where o ther th in  
filaments, presum ably actin , are also visible in  the  background, have you 
found any  instances where on th e  sam e m icrograph th e  characteristic 
ac tin  double helical s tru c tu re  is clearly visible in the  unstre tched  th in  
filam ents, and  where no such indications of actin  s tru c tu re  are visible 
in the  th in  filam ent extending from  th e  end o f the  th ick  one?
Gu b a : I  am afraid I  cannot give you a definite answer to  your very 
im p o rtan t question. The resolution of our m icrographs is in  m ost cases 
no t satisfactory  enough for us to  see a definite difference betw een th e  two 
kinds o f filament. Nevertheless, i t  seems to  us th a t  in some of our m icro­
graphs one can see the  double helical s tru c tu re  o f th in  filam ents b u t there 
is no such indication in the  core of the  th ick  filaments.
H S ym p. Biol. H u n g . 8. Xi
Maruyam a: I  should like to  
po in t ou t a m inor problem , Dr 
Hanson. You m entioned th a t  you 
could rem ove myosin from  insect 
muscle fibres. B u t, according to  
Gilm our and  Calaby, an d  also to  
mv experience, myosin alone 
cannot be dissolved directly  from  
the  insect muscle. Always acto- 
myosin is dissolved.
H a n so n : I  was speaking 
loosely when I  said I  had  ex ­
trac ted  myosin, [ap p ly  a solvent 
th a t  ex trac ts  myosin from  rabb it 
fibrils and  I  observe a decrease 
in  th e  op tical density  of th e  A- 
band, b u t I  have not determ ined 
y e t if  th e  m ateria l ex trac ted  is 
myosin or actom yosin.
Hoyle (Biology D epartm ent 
U niversity  of Oregon):* A simple 
p ictu re of th e  u ltra s tru c tu re  of 
s tria ted  muscle has recently  
em erged, particu larly  from  the  
electron-m icroscopic and  x -ray  
diffraction studies o f H. E. 
H uxley. H e considers th a t  con­
trac tile  force is developed by 
in teraction  between th e  fila­
m ents and  favors th e  view th a t 
th e  mechanism  is re la ted  to  
m ovem ents o f bridges located on 
the  myosin a t regular in tervals, 
which ex tend  between th e  m yo­
sin and  ac tin  filam ents. A m olec­
u lar hypothesis which invokes a lternating  cycles o f shortening and  ex ten ­
sion of these cross bridges has been advanced  by Davies (1963). A different 
mechanism, b u t also based on th e  cross bridges as providing m otile force has 
been proposed by  R eedy e t al. (1965), specifically to  apply  to  insect flight 
muscle. They suggest th a t  the  cross bridges tu rn  inw ards tow ards the 
cen ter of th e  sarcom ere a f te r  first a ttach ing  to  th e  actin.
In  m y labo ra to ry  we have a ttem p ted  to  tes t th e  un iversality  o f H uxley’s 
m odel w ith th e  hope of throw ing some light on th e  m echanism  itself. 
We have exam ined a to ta l o f 25 different muscles, five from  vertebrates, 
the  rem ainder from  th ree  different species of insects and  six species of 
crustacean. The argum ent we use is th a t  those structu res which are tru ly  
fundam ental in s tria ted  muscle should be common to all of them . E volution
* W ith the collaboration o f  Patricia A nne McNeil, Benjam in W alcott and Allen  
Selverston.
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F ig . 5. — Locust thoracic m uscle filam ents; 
X 60 000
S- fi lament other fine filament
Hanson and HE. Huxley 1955model
b) — — —
HE. Huxley 1957-1967 model
c)_________
___________ _ ? ?
problem fbr H E Huxley model
F id .  (). M ode ls  o f  m usc le  ultrastrucl lire (see text)
has provided an im portan t m ethod for testing  tire valid ity  of so-called 
universal concepts.
Two im m ediate difficulties are encountered in regard to  H uxley’s s tru c ­
tu ra l model. F irstly , when th is  model (Fig. 6) is s tretched  beyond about 
40 per cent it falls ap a rt. No actual s tria ted  muscle fibres we have te s t ­
ed te a r a t  th is  degree o f stretch . This m ight be because th e  sarcolem m a 
and  in terna l m em branes hold the  pieces together. For instance, thesarcoplas- 
mic reticulum  (SR) m ight have elastic properties. However, we should like 
to  po in t ou t th a t  it seems to  us th a t  relatively  few stria ted  muscles are 
composed of fibrils. The fibres are perm eated, to  a g reater or lesser ex ­
ten t, by SR, b u t we find th a t th is  rarely forms the  continuous 'sausage 
sk in ’ envelope around clusters of filam ents which is custom arily  im plied 
for a length of more th an  a few sarcomeres. Also, SR is alm ost absent in 
some very  slow stria ted  fibres (Hess 1965). To te s t th is possibility Allen 
Selverston. in m y laboratory , isolated anti stretched  single g lycerinated  
fibrils in th e  presence of ATP.
Selverston found th a t  barnacle fibrils can be stretched  in th e  presence 
o f A T P to  well beyond th e  overlap point. The lengths o f th e  sarcom eres 
in such a s tre tch  are n o t equal, some stretch ing  m uch m ore than  others 
and  a few no t a t a ll (Fig. 7). The most heavily ex tended  ones reach alm ost 
3 tim es th e ir rest length. The sarcom eres are apparen tly  held together by 
very  fine elastic filam ents (Fig. 8).
In  order to  explain sim ilar and  re la ted  findings, especially elasticity  of 
fibrils from  which m yosin had  been ex tracted , Hanson and H uxley p ro ­
posed the  existence of elastic filam ents. These were term ed  S-filaments 
and  th ey  were incorporated  in a structu ra l model. In  Hanson and 
H uxley’s illustra tion  o f the  arrangem ent of th e  filam ents during an iso­
m etric contraction (Fig. 5 in H anson and Huxley 1955) an additional elastic 
filam ent, to  which no le tte r  has been given, is shown, connecting the  thin 
(actin) filam ent to  the  Z-band. S-filam ents were also included in the  model
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F io . 7. — Single, glyeerinated fibril from Ti. nubilus, partially split and 
stretched in the presence? o f ATP
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F ig . 8. — Electronm icrograph o f  sarcomere o f  B . nub ilu s  fibril stretched beyond
overlap point (see Fig. 7)
of A. F. H uxlev. However, in his definitive account of th e  s tru c tu re  of 
rabb it psoas muscle, H. E. H uxley  does not ever m ention S-filam ents (H. 
E . H uxley  1957), n o rm  several subsequent accounts (e.g. in The C ell,ed. 
b y B ra c h e t and  Mirsky, I960) was any  discussion offered regarding the 
reasons for suddenly changing the  model. M ysteriously, however, there 
are passing references to  S-filaments in  Page and  H uxley  (1963). A pparently , 
th e  reasons were: a failure to  observe them  in the  electron microscope, 
coupled w ith th e  observation  th a t  in th e  heavily contracted  muscle the  
ac tin  filam ents overlap  in th e  center of the  H-zone, which it would be 
hard  for them  to  do if  linked a t  th e ir ends.
In  our work, which we hope to  publish in detail as soon as individual 
stud ies have been com pleted, we have noticed fine filam ents not only in 
th e  gaps betw een the  ac tin  and  myosin of h ighly-stretched sarcomeres 
(exam ples in Figs 9, 10 and  11) bu t also extending across the  H-zones (Figs 
10 and  11). Also, in  very  h ighly-stretched fibrils of barnacle a  zone of low 
density  appears between th e  Z-band and  I-b an d  filam ents (Fig. 9). This 
suggests a p a rtia l detachm ent of ac tin  filam ents from th e  disc region and 
con tinu ity  by  another, th inner, filam ent. We have seen no evidence of d e ­
tach m en t in fibers fixed during  isom etric contraction as was suggested in 
Fig. 10 o f th e  p ap er by  H anson and  Huxley.
I-bands, especially o f fibers fixed u nder stretch , also appear to  contain 
very  fine filam ents lying in  parallel w ith  the  o rd inary  th in  filaments. 
We have considered m any possible ways in which these fine lines could 
be developed as artifacts, b u t no single a rtifac tu a l explanation fits all 
the  cases.
Accordingly, I  wish to  propose th a t  s tria ted  muscle contains, in addition 
to  actin  and  myosin, a th ird  filam ent located in parallel w ith them . I  do 
no t consider th is to  ‘link the  ends of th e  actin  filam ents’, except in so far 
as i t  m ay do so ind irectly  because of adhesion to  th e  actin , so th a t it 
cannot be identified w ith th e  hypothetical S-filament. R a th er, i t  con­
tinues from Z-disc to  Z-disc, perhaps even from insertion to  insertion.
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F ig . 9. — Fine filam ents (T) in gap regions o f sarcomeres stretched beyond 
the overlap point. H eavily  stretched rabbit psoas fiber. The inserts a t upper 
right show a single actin  filam ent (A) and a single T-filament (T)
i  propose to  denote it  by th e  capital le tte r T (for very  thin). A diagram  
of the  proposed location is shown in Fig. 12.
A close inspection of th e  m icrographs published by H. E . H uxley (1957) 
suggests to  me th a t  fine filam ents o ther th an  actin  are visible in them , 
especially in the  11 -zones. U nfortunate ly , T-filam ents are extrem ely th in , 
and  neither very  electron-dense nor readily-stainable w ith heavy m etal
F i g . 10.- T-filam ents in an insect fiber from  
the anterior coxal adductor o f Schistoaer'cn 
qregaria. a  T. S. a t rest length, b, c T. S. 
o f sam e fiber, slightly  stretched, in overlap  
region (b) and H-zone (c), d T. S. in presumed 
previous overlap region o f  heavily  stretched  
fibers. Orbit o f  T-filam ents is encircled, b ' 
L. S. o f region comparable to b, c ' L. 8. 
o f region comparable to  c
ions, so exact w ork on them  is p ro v ­
ing difficult. In  our own work m easure­
m ents of th e  th ickness of T-filam ents 
have been m ade by m aking record­
ing densitom etric m easurem ents on 
electron-m icroscope plates in gap re ­
gions of sarcom eres stre tched  beyond 
th e  overlap po in t (Fig. 13). A very 
narrow  slit was used. The m easure­
m ents are  bound to  give higher th a n  the  
tru e  values, owing to  th e  obliqu ity  of 
alignm ent of the  filam ents, kinks, 
photographic grain, adhering particles, 
etc. The m easurem ents fall in th e  range 
of 15-40 A (Fig. 14); th e  higher values 
can be expected to  be in  error by up to  100 per cent. They are slightly 
larger in less heavily  stre tched  m ateria l th an  in the  m ost extended. The 
very th in  filam ents lying betw een th e  m yosins in the  H-zones of sarcomeres 
a t  rest length appear 20-40 A thick. I t  would seem obvious th a t  to  study  
these filam ents one should sim ply dissolve aw ay th e  myosin and  exam ine 
H-zones o f th e  fibers electron-m icroscopically. W hen th is  is done, however, 
d ifferent resu lts are ob ta ined  depending upon the  speed, and ex ten t of ex ­
trac tio n , the  degree o f agitation , 
etc. (R idgw ay and  W alcott, u n p u b ­
lished.) Many observers have noted 
only isolated I-bands, w ith residual 
Z-discs in such m aterial. W alcott 
and  Ridgway, in my labora to ry  find 
th a t  rab b it psoas muscle shortens 
during ex traction  o f myosin by  solu­
tions containing ATP, if  free to  do so.
The form er m aterial contains m any
F ig . 11.—T-filam ents in rabbit psoas, a 
T. S. M-band region, b diagram  to  e x ­
plain appearance o f a ; fine filam ents are 
considered to  traverse the II-zone, pas­
sing between cross-bridges formed be­
tween m yosin filaments; a ' L. 8. w ith  
interpretive diagram. Arrow shows region 
o f section
TF ig . 12. — Structural m odel o f a sarcomere including a third (T)
filam ent
sarcom eres which are still relatively in tact, and  a t various lengths, so th a t  
stages betw een actin/m yosin overlap and  extensions m ay be com pared. 
In  stretched  sarcom eres th e  H-zones are seen to  be bridged by fine fila­
m ents. I t  is difficult to  see how the  contraction which occurs during 
ex trac tion  can be explained in  any  o th er way th an  by a shortening occur­
ring in an  elem ent such as th e  T-filament. Shortening which occurs in 
rigor m ortis m ay  require a sim ilar explanation.
a a a a a a a a a a a a a a a a a a a
F ig . 13. — Parts o f  recording densitom etric analysis o f  plate from which
Fig. 9 has been printed, a Trace along the direction X ......... ..............X:
the portion shown is a t left in the micrograph. H orizontal line corresponds 
to m inim um  light transmission, increasing downwards. Marks below trac­
ing are at intervals o f  100 Á . A t points marked t, fine lines (T -filam ents?)
m ay be seen on the print; b D itto , along the direction Y ----------------- Y,
also the left-hand edge. N ote the clean, broader peaks, each corresponding 
to  the appearance o f  an actin filam ent in the print. Arrows point to  sharp 
deflections which m ay represent T-filaments overlying A-filam ents
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The real th ickness o f the  T-filam ents may 
be expected  to  vary  w ith  th e  degree of 
s tre tch , though  th e  ex ten t m ay be quite 
small, depending upon th e ir chemical 
constitu tion  and  th e  m anner in which 
th ey  shorten. A t th e ir sharpest an d  th in ­
nest th ey  appear to  be less th an  20 A i n 
d iam eter. This th ickness would be ap p ro ­
pria te  to  a pro tein  s tru c tu re  w ith a double 
or trip le  oc-helix. T hey could, for example, 
be collagen-like, f t  m ay be w orth  while 
to  po in t ou t th a t  tropom yosin-B , which 
is p resen t in significant am ounts, perhaps 
as high as 15 per cent of to ta l pro tein  
(Perry  1964), m ay have a double a-helix 
s tru c tu re  (Rowe 1964) and  be abou t 15 
A in d iam eter. The location o f tro p o ­
myosin-B w ithin th e  fibril has no t yet 
been determ ined, though recent evidence places it in parallel w ith actin, 
to  which it b inds read ily  (Pepe 1966).
I  would like also to  com m ent on a num ber of o ther aspects of structu re . 
F irstly, regarding th e  Z-discs. I t  is already  clear to  us th a t  there is not 
only one, b u t several different kinds of Z-disc fine structu re . One kind of 
fast s tria ted  fibers of a copepod has recently  been found bv D r P a t Dudley 
(and confirmed by  ourselves) com pletely to  lack a dense line in th e  Z-regions 
(Fig. 15). We are working together on the  detailed  arrangem ent of filam ents 
in th e  center o f the  I-bands in  these fibres. Z-discs of th e  ra t  d i­
aphragm  have been shown by R eedy (1966) to  have a woven a r ­
rangem ent o f fine filam ents, b u t, a lthough we have seen th is  p a t ­
te rn  also, we find a simple window or cross-lattice arrangem ent to  be 
com m oner (Fig. 16). In  th is  arrangem ent, fine links connect each actin  
filam ent of a  square set o f four by  th e  shortest rou te, no t diagonally across 
to  an  ac tin  filam ent from  th e  nex t sarcom ere as in th e  model of R eedy. 
Sometimes, th e  tw o p a tte rn s  occur m ixed together in patches in the  
same disc.
R egarding o rd inary  th in  (actin) filam ents, th ey  are presen t in rabb it 
psoas in a ra tio  of 2 th in  to  1 th ick  (myosin). A rthropod s tr ia ted  muscles 
com m only have ra tios of 3 : 1, 4 : 1 or 5 : 1 and we have found one crab 
muscle in which it is 7 : 1. Those w ith a 3 : 1 ra tio  show th e  fam iliar 
insect flight muscle p a tte rn , w ith  one actin  in  between each myosin. 
W here th e  ra tio  is higher th an  3 : 1 there is less order, though  in the  
4 : 1 (10 actins per orbit) and  th e  5 : 1  (12 actins per orbit) there 
are occasional nea t orbits. R a th er, th ey  occur in lines, showing the  
square p a tte rn  which is com m only found near Z-discs; myosin filam ents 
are placed irregularly  am ong them  (Fig. 17). This p a tte rn  was found in 
the  p ink  portion (there is also a white portion) of th e  tin y  muscle which 
raises th e  very  long (up to  10 cm) eye-stalk of th e  crab Podoplithalmun 
vigil. I  was a ttra c te d  to  stu d y  th is  muscle because although i t  is very  
short (2-3 mm) it  has to  produce extrem ely precise length  changes in 
order to  enable th e  eye to  follow a moving object. To do so, it m ust operate
100A
superfhin
a
F ig . 14. — Superimposed traces 
o f the clearest peaks obtained in 
the recording part o f  w hich is 
shown in Fig. 13. a I’eaks occur­
ring in the gap region and attri­
buted to  extended T-filam ents. b 
Peaks occurring in the 1-band 
associated w ith actin filam ents
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F ig . 15. — Electron micrographs o f striated muscle sarcomeres lacking marked Z-discs. 
Antennal rotator o f  47 1/2 h nauplius of D oropygus seclusus. Material supplied
by Dr Patricia Dudley
against a large inertia l load a t  a g reat m echanical disadvantage. The 
im plications of the  high actin-m yosin  ra tio  in th is  specialized muscle for 
theories of contraction  are obviously of considerable in terest.
The A -band lengths of th e  fibres from  the  various muscles studied range 
from abou t 1-3 p to  12 p. We find th a t  in no fibres are sarcom ere lengths 
as fixed as is usually s ta ted . F or example, in rab b it psoas we have found 
sarcom eres w ith A -bands varying from  1 -3 p to  2-0
I t  has been possible for us to  prove conclusively (Hoyle e t al. 1965) 
th a t  the  Z-discs of s tria ted  fibers o f Balanus nubilus expand, probably  by 
an  active process, in association w ith  contraction (Fig. 18), creating spaces 
w ithin th e  disc th rough  which th ick  filam ents are able to  pass easily. 
The filam ents from  ad jacen t sarcom eres in te rd ig ita te  across th e  Z-region, 
thereby  perm itting  contraction down to  a small fraction of th e  rest length. 
We have recently  observed com parable passing of th ick  filam ents across 
th e  Z-region in sarcom eres o f th e  an terio r ro ta to r of th e  swimming leg of 
Portunus sanguinolentus (Fig. 19). These occurred during an isom etric con­
trac tio n  I  shall refer la te r to  the  significance of uneven contractions of 
sarcomeres.
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F iú .  16. S q u a re  ‘w in d o w ’ la t t ic e  o f  Z -d iscs  seen  in tra n s v e rs e  se c tio n . Ac- 
t in  f i la m e n ts  o f  o n e  h a lf - sa rco m  e re  a re  s i tu a te d  e x a c tly  in th e  c e n te r s  o f  th o se  
o f  th e  c o n tig u o u s  h a lf-s a rc o m e re . V e ry  fine  f i la m e n ts  c o n tin u e  a c ro ss  th e  d isc  
f ro m  th e  te r m in a t in g  a c t in f i la m e n t. F a s t  f ib e r f ro m  g a r te r  sn a k e
F ig . 1 7. Transverse section o f the overlap region o f a  fiber having a 7 : 1 actin 
m yosin ratio, from pink portion o f  elevator o f the eye-stalk  o f PodaphthalmuH vigil
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mmThe po in t about giving you 
these prelim inary  details is to  
show th a t  even s tr ia ted  muscle 
exists in a  wide v arie ty  o f forms 
a t  th e  level o f fine s truc tu re .
I t  m ay be unwise to  assum e 
th a t  th e  featu res found on th e  
first fibre to  be investigated  in 
deta il should be expected to  
serve as. a basis for a universal 
hypothesis, and  it seems desir­
able to  proceed by m aking 
com parative studies.
The in itial reason for em ­
barking on th e  electron-m icro­
scopic studies referred to  above 
was th a t physiological studies 
on single a rth ropod  fibers had 
revealed features which were 
n o t com patible w ith th e  simple 
model. F o r exam ple, th e  g reat 
ex ten t of easily reversible con­
trac tio n ; th is  has been sim ply 
explained on th e  basis of open­
ing up  of Z-discs. A nother m ajor 
problem  concerned th e  series elasticity , both of resting and  active muscle 
(Hoyle 1965). Single fibers possess longitudinal elasticity  a t lengths at 
which th e  sarcolem m a is m arkedly kinked. This was one reason for the 
postu lation  by H anson and  H uxley of the  S-filament. Following excitation  
o f the  fibers, the  contractile  com ponent shortens against a  series elastic 
(SE) com ponent. There are standard  m ethods for m easuring th e  length 
and  s tress-s tra in  curve of th is com ponent; in fast frog muscles it is only 
a few per cent of th e  to ta l length and  is considered to  be en tirely  accounted 
for by tendinous elem ents. In  some arth ropod  fibers, by con trast, I  find 
th e  app aren t length  of SE a t full stretch  under isom etric te tan ic  force to  
be up to  20 per cent of the  to ta l length (Fig. 20). In the  same fibers 
th e  tendons snap when stre tched  by  only 0-5 per cent. The elastic 
com ponent m ust therefore be located w ithin the  contractile  portion of 
th e  muscle and it is m uch too long to  be accounted for by Z-discs. 
The ex ten t of d istortion  of in terna l passive elastic elem ents required to  
develop tensions equal to  those developed during stim ulation is so large, 
th a t  i t  should easily be detectable. In  an a ttem p t to  m easure the  expected 
shortening we have rap id ly  fixed a few kinds o f muscle fiber w ith g lu tar- 
aldehyde w hilst stim ulating  them  to  develop g raded  or m axim um  tension. 
The fibers were held a t  re s t length  and  force was m onitored continually. 
Rome in teresting  features could be observed in the  fixed m aterial, especi­
ally th a t  ob tained  when the  final tension developed a t th e  m om ent of 
to ta l d ea th  o f th e  fiber was sub-m axim al. These features were found in 
bo th  v erteb ra te  and in v erteb ra te  muscles. I t  is apparen t th a t  a t  the  m om ent 
o f fixation there are variable lengths of individual sarcom eres of single
F ig . IS. — Stress-strain curve o f  series elastic 
component, o f  a single fiber o f  B a lanus nu- 
biliiv stim ulated to m axim um  contraction. 
Fiber length 41 mm. The m axim um  length  o f  
elastic, com ponent is 17 per cent o f the rest 
length of whole fiber
F ig . 19. L. S. crab m uscle fiber (light pink portion o f  anterior rotator
o f swim m ing leg o f I )ortunus setyiguinolentus) stim ulated throughout fixation  
to g ive a large graded contraction
fibrils. This was also found by Page and  H uxley (1963) for v erteb ra te  
fibers. Also, all fibers we have exam ined show d istortions o f th e  A -band 
which fall into a few catagories such as I  have described in a  recent paper 
(Hoyle 1967). The results am ply fulfil the  prediction th a t  the  elastic elem ent 
is associated w ith th e  sarcom eres and  is stretched  by  their unequal con­
trac tion . We m ay now consider the  ex ten ts  to  which each of th e  possible 
sources m ay contribute. A s tru c tu re  o f the  S-filam ent ty p e  could have 
played th e  m ajor role, though by  the  tim e I  had m ade the  elasticity  m easure­
m ents S-filaments were said no t to  exist. This led us to  m ake th e  electron- 
microscopic investigations in which T-filam ents were found.
I nex t considered th e  question w hether th e  varia tion  in  lengths of the 
sarcom eres was sufficient to  allow a simple passive role of th e  T-filaments 
in force transm ission. In  order to  develop a  force of 75 per cent P max bv 
passive stretching, even when aided by the  sarcolem m a, a whole fiber 
m ust be stre tched  to  over 40 per cent l0. The to ta l equivalent stre tch  of 
sarcom eres in the  fixed m aterial was ob tained  by  adding together the 
lengths of sarcom ere g reater th a n  l0, as seen in electron m icrographs, and 
determ ining the  fraction of the  to ta l length. This is only about 18 per cent,
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F ic . 20. L. S. garter snake muscle fiber (ribs-skinf stim ulated by  
action o f fixative. N ote resemblance to F ig. IS
much less th an  tlie s tre tch  required  to  develop tension equal to  the  force 
of th e  contractile  elem ents.
F urtherm ore , th ere  should be a simple relationship betw een the  am ount 
of graded tension and  th e  ex ten t of d istortion , which should be g reatest 
a t  highest tensions. This is not borne out, for a t  highest tensions there  is 
ra th e r less d istortion. Two possible explanations will be considered, bo th  
invoking changes in the  T-filam ents associated w ith  excitation. One is th a t  
stretches occur in p a r ts  of the T-filam ents, which are no t also reflected in 
over-all changes in length of act in and myosin filam ents, i.e. th e  T-filam ent 
is an  independent elem ent, subject to  local shortening and stretches which 
are tem porarily  stabilized during continued stim ulation. Tem porary  
changes in  length  of th e  sarcomere, or of one set of filam ents would be 
needed to  bring about th is  situation  unless th e  T-filam ents are them selves
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contractile . The o ther possiblity is th a t  the  T-filam ents undergo a change 
in th e ir  elastic ity  upon stim ulation, tending  to  shorten. Thus, b o th  a lte rn a ­
tives m ay invoke active con tractility  on the  p a rt of th e  T-filaments. T,n th a t 
case th ey  m ay play  a role norm ally in the  developm ent of tension. All the 
m ajor recent concepts o f th e  molecular basis of contraction arise from the 
w idespread acceptance of th e  newer H. E . H uxley model in which ac t in 
and  m yosin are s ta ted  to  be the  only longitudinal s tru c tu ra l com ponents, 
so th a t  force m ust be postu la ted  to  be generated  by interaction between 
them , unless by active la te ra l expansion of the  fiber, which for several 
reasons is im probable.
A cceptance o f th e  presence of T-filam ents im m ediately raises th e  pos­
sibility  of th e ir ac tive involvem ent in contraction; even w ithout the above 
requirem ents, our p resen t evidence for T-filam ents m ay be sum m arized 
as follows.
(1) E lasticity  is p resent a t lengths which do not s tre tch  the  sarcolemma.
(2) E lasticity  is p resen t in fibers from  which th e  sarcolem m a has been 
dissected away. In  some kinds of fiber the  sarcolem m a contribu tes 
only 15—20 per cent o f th e  elasticity  (B uchthal and  W eis-Fogh 1956).
(3) The length  of the  series elastic com ponent in m axim ally stim ulated  
arth ropod  fibers is as great as 14, per cent of the  fiber rest length. 
I t  is even g reater during sub-m axim al stim ulation. The tendinous 
insertions o f these fibers are inelastic, so th e  ind ividual sarcomeres 
m ust be a m ajor source of elastic m aterial. Since myosin and  act in 
filam ents are inelastic, ano ther com ponent m ust provide th e  elasticity.
(4) Sarcomeres of all s tr ia ted  muscles tested , bo th  v erteb ra te  and 
inverteb ra te , can be stre tched  to  beyond th e  overlap po in t of aetin 
an d  myosin w ithout d isrupture.
(5) F ibrils from  which myosin has been ex trac ted  are very  extensible 
and  elastic.
(6) F ine filam ents m ay be detected  in  electron m icrographs in th e  gap 
region between th e  ac tin  and myosin of heavily stretched  fibers, 
w hatever the  ex ten t of stretch .
(7) In  electron m icrographs sim ilar fine filam ents m ay som etimes be 
seen in th e  H-zones, lying between th ick  filam ents, in both longitu­
dinal and  transverse sections.
Although th e  evidence for T-filam ents is by no m eans com plete yet, 
I  nevertheless feel th a t  i t  is already compelling, and  consider it to  be 
w orth  while to  discuss th e  possible role of T-filam ents. A passive role as 
an  elastic elem ent is highly probable. I t  m ay be th a t  in resting  muscle 
T-filam ents are already  som ew hat stre tched  as a  resu lt of stre tched  an tag o ­
nistic rad ia l com ponents, also elastic, tending  to  reduce the  d iam eter of the  
fibril and  cause its  elongation. For reasons given above, an active role in 
contraction  also seems possible, and  we should consider the  possibility 
th a t  T-filam ents m ight even play a m ajor role in contraction. A sim ilar 
filam ent m ight be the  basis of contraction in sm ooth muscle, and  of con­
trac tile  elem ents of cells o ther th an  muscle cells in which actin  and  myosin 
are no t found. All the  difficulties which have been encountered in explain­
ing con tractility  in sm ooth muscle would disappear if a contractile  very 
th in  filam ent occurs in them .
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F ig . 21 . — Hypothesis o f contraction involving cross bridges between actin 
and m yosin as enzym atic (dements which m ay also contribute to force. 
Conformational changes in T-filam ents cause shortening, a l Tnder isometric 
conditions neighboring segm ents o f the elastic T-filament are stretched. 
N et directions o f  stress art» indicated by small arrows. ."Equilibration o f  the 
tensions will bring other regions o f the T-filament within range o f spe­
cific active sites.-— Isotonic contractions result in shortening, which bends 
the bridges inwards (rl) until they break (c), springing bat?k to  re-form
For s tria ted  muscle 1 would like to  propose the  involvem ent of the 
T-filam ents in th e  form of a  hypothesis. A full sta tem en t will be presented 
elsewhere.
A t th e  s ta r t of a  contraction  cross bridges form between inelastic act in 
and  myosin filam ents when free calcium ions are present (Fig. 21). The Ca- 
actom yosin complex thus form ed possesses its characteristic strong ATPase 
ac tiv ity  and  causes th e  sp litting  of nearby  ATP molecules. The energy 
thereby  liberated  causes in tu rn  a configurational change in the  nearby  
T-filaments, where a  u n it length th en  shortens. The force developed is tra n s ­
m itted  via the  rem ainder of the  T-filam ent to  the  Z-discs, which are draw n 
inwards, producing the  re la tive m ovem ent o f contraction. The T-filam ents 
provide, on th is hypothesis, the  source of length  change. The force d e­
veloped, or resistance to  stretch , is shared by the  T-filam ents and  by 
established cross bridges.
The ends of the  bridges a ttach ed  to  th e  ac tin  will become tu rn ed  inwards, 
tow ards the  center of the  sarcomere. The bridges are presum ably  elastic, 
b u t when s tre tch ed  beyond a critical po int th e  a ttach m en ts  to  actin  will 
break. T hey will th en  reform  a ttach m en ts  a t different sites on the  actin 
and  th e  process will be repeated . The conform ational change in th e  T-fila­
m ent will persist as long as th e  calcium ion concentration is sufficiently 
high.
The only d irect evidence th a t can be quoted at the  p resen t tim e, which m ay 
be considered to  support the  hypothesis, is the  finding of R eedy and  his co­
workers (1965) th a t  in  insect flight muscle fixed in a s ta te  of contraction, th e
47
cross bridges are tu rn ed  inw ards from  the  myosin filam ents. This is th e  oppo­
site direction to  th a t  required o f bridges which them selves generate th e  
shortening, unless th ey  function by ro ta ting , as these au thors propose to  
explain th e ir finding. In  flight muscles T-filam ents m ay be seen crossing the 
H-zone (D. S. Sm ith, B. J .  W alcott , personal communications: see also Fig. 5 
in R eedy and  co-workers 1965).
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G u b a : In  connection w ith Dr Hoyle’s contribution I  should like to  
call your a tten tio n  to  our findings concerning th e  u ltras tru c tu re  of 
myofibrils in selective ex traction  of proteins (Guba 1964). W e have found 
th a t  a fte r th e  rem oval of myosin and  tropom yosin from th e  myofibrils 
a  sheave-like s tru c tu re  rem ained w ith th e  Z-disk in the  middle. These 
features show a great sim ilarity  to  the  isolated I-bands (Fig. 22). The con ti­
nuity  of the  sarcom ere is still visible b u t the  d iam eter of th ick  filam ents 
decreases considerably. The rem oval of actin  abolishes th e  sheave-
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like stru c tu re , b u t a u n i­
form  filam entary  system  
continues running  through 
th e  whole sarcom ere (Fig.
23). The electron density  
is very  low. The filam ent 
d iam eter is less th an  50 A.
On exam ining the  m ateria l 
of these filam ents, they  
seem to  consist of a new 
pro tein . This backbone 
p ro tein  is nam ed fibrillin.
On th e  rem oval o f fibrillin, 
th e  filam entous system  left 
behind a fte r extraction of 
myosin, tropom yosin and 
ac tin  is com pletely de­
stroyed. On th e  basis of 
our observations, we have draw n th e  conclusion th a t there  is an u ltra -th in  
and  continuous filam entous system  in the  myofibril of rab b it m. psoas. This 
conclusion is in agreem ent w ith D r .Hoyle’s observations, though we th ink  
th a t  these filam ents, like those found in th e  insect muscle, give a highly 
elastic core o f p rim ary  filaments.
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E d m a n : We have recently  m ade some m easurem ents of th e  series elastic 
com ponent in isolated sem itendinosus fibres of th e  frog, which m ay  be of 
in terest in th is  context. The purpose of th e  experim ents has been to  find 
ou t to  w hat degree th e  m echanical properties o f th e  series elastic elem ent 
are dependent on th e  s ta te  of ac tiv ity  of th e  contractile  un it. The m easure­
m ents which I  am  referring to  were carried o u t a t  2T5 p  sarcom ere spacing 
a t  + 4 °  C. G reat care was tak en  to  reduce the  s tray  compliance of th e  record­
ing device and  its connections w ith  th e  fibre. In  th e  conditions given there  
was only 4-5  per cent reduction  in th e  sarcom ere spacing when th e  fibre 
was transferred  from  rest to  full ac tiv ity . F o r fu rth e r technical details see 
E dm an  (1966) and  E dm an  and  co-workers (1966).
The rig id ity  (d P /d L ) o f th e  series elastic elem ent was determ ined by 
recording th e  drop in  tension th a t  occurred in  response to  a  rap id  con­
tro lled  release of th e  fibre a t  various tension levels (P ). F igure 24 shows 
d P /d L  p lo tted  against P  for one fibre. The open circles refer to  m easure­
m ents carried  ou t during th e  rising phase o f the  te tan ic  contraction, i.e. 
during m axim um  ac tiv ity . The open triangles are recordings perform ed 
during th e  rising phase 0f  th e  tw itch . The filled circles and  th e  filled tr ia n ­
gles are m easurem ents m ade during th e  decay phase of th e  te tan u s  and 
th e  tw itch , respectively, i.e. a t  instances when th e  in tensity  of th e  active 
s ta te  was very  low.
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Fig . 24. — R ig id ity  of series elastic 
com ponent o f  the isolated semi- 
tendinosus fibre o f  the frog. Ordi­
nate: drop in tension (per cent, 
o f m axim um  tetanic output) in 
response to  a controlled quick 
release. Abscissa: tension level (per 
cent o f  m axim um  tetanic tension) 
at which release is performed. 
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As can be seen, there  is no substan tial difference between the  d a ta  
ob ta ined  during tw itch  and  te tanus. Furtherm ore, th e  rig id ity  of the  series 
elastic com ponent, a t  a given P, is th e  sam e irrespective o f w hether the 
m easurem ent is m ade during th e  rising phase of th e  contraction or during 
relaxation. The results th u s seem to  m ake evident th a t  th e  m echanical 
properties o f th e  series elastic elem ent are v irtually  independent of the  
s ta te  o f ac tiv ity  of th e  contractile un it. A very  small portion of th e  series 
elastic compliance of th e  fibre is, therefore, likely to  reside in  the  active, 
force-producing structu res of th e  contractile  system.
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H oyle : The classical work of A. V. Hill has clearly established th a t  in 
certain  fast am phibian tw itch  muscles stim ulated  m axim ally by plate  
electrodes th ere  is relatively  little  series elasticity . Most of th is m ight 
be accounted for by  tendinous attachm en ts. In  th e  inv erteb ra te  muscles 
and  slow snake muscle to  which I  have referred, th e  excitation  is n o t m ade 
as com pletely or as synchronously. As to  why we should find an  effec­
tively  long elastic elem ent in th e  inverteb rate  fibers even when th ey  are 
m axim ally stim ulated , I  can only speculate. I t  m ay be th a t  th e  T-fila- 
m ents are unevenly shortened and  stretched , owing to  a synchronous 
early  excitation; th is inequality  would be tem porarily  stabilized by cross 
bridges between actin  and  myosin. U pon releasing the  muscle from iso­
m etric contraction, the  heavily stretched  portions would be free to  sh o rt­
en, elastically. Perhaps activation  in troduces a com ponent, such as cross 
bridges, which are inelastic, thereby  m asking th e  appearance of changed 
elasticity  in th e  contractile com ponent. In  an  incom pletely activated  fiber 
th e  la tte r  would be more apparen t.
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R i c e : W hy do you use the  term  ‘collagen-like’ for your elastic fiber? 
Collagen is very  inelastic.
H o y l e : I  agree th a t  it  is no t very  appropria te  and  suppose th a t  I  was 
unduly  im pressed by  th e  rem arkable dem onstration of large reversible 
length changes given by  D r O platka, in  tre a ted  collagen strands. The basic 
molecular u n it of collagen, in terp re ted  as Collagen I I ,  w ith its trip le  «-helix, 
is th e  k ind  of s tru c tu re  which one m ight expect to  find in  th e  T-filaments, 
although th e  basic u n it would have to  be m uch more extensible th an  
collagen is.
E r n s t : A s to  the  conception concerning the  two independent com ponents 
of a sarcom ere, i.e. th ick  and  th in  filam ents, I  w ant to  show the  following 
slide (Fig. 25). The thorax-m uscle of th e  honey bee was p repared  in  P rin ­
gle’s solution, p u t in a m ixture o f C 0 2 +  ae ther sulphuricus (approx. —70° 
C). A fter thaw ing, it  was fixed, dehydrated  and  em bedded in  a ra ld it, the  
sections were stained w ith phosphotungstic acid. I t  is to  be seen th a t  th in  
filam ents continuou sly go through th e  Z-lines, as was shown by us earlier (Ern  st 
and  Benedeczky 1962), on the  one hand, and  th a t  th e  m ateria l of the  so- 
called th ick  filam ents is as if  i t  had  split in to  several p a r ts  localized 
w ithout exception along th e  th in  lines. B y th is I  should like to  rem ind you 
of m y standpoin t, according to  which I  had  raised th e  question ‘w hether 
our electron-m icroscopic pictures really  show th e  s tructu re ; nam ely, 
the  p icture is one th ing, and th e  stru c tu re  of th ree  dim ensions is a n ­
o th er’.
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R in a l d i: Judg ing  from  the  model for contraction  proposed by G. Hoyle, 
I  cannot find any  evidence which is in contradiction w ith th e  sliding fila­
m ent theo ry  advanced by  H . E. H uxley and  J . Hanson. There does not 
appear to  be any disagreem ent in th e  newly proposed model as it  is a slid­
ing system , and  a  change in  conform ation w ith  th e  proteins involved has 
been in troduced  by  H . E. H uxley, earlier a t  th is  m eeting, as an in tegra l p a r t 
of contraction.
The com m ents th a t  types of muscle, differing from  a v arie ty  o f organisms, 
which appear no t to  fit the  conventional characterization of th e  sliding 
filam ent model, do n o t agree w ith th e  in te rp re ta tio n  o f an  even more 
unconventional system , th a t  of the  foram iniferan, Allotjromia laticollaris, 
either.
This organism  extends pseudopods from  its body in  a  netw ork as far 
as 17 mm into th e  environm ent. These pseudopods exhibit a two-way 
m otion w ithin them , which reaches speeds of 15 p/sec, corresponding to  
w hat H . E. Huxley has indicated  to  be a theoretical m axim um  for filam ents 
sliding p as t one another. Granules can be observed approaching each 
o ther from  opposite directions; th ey  bum p into one ano ther and  then 
continue th e ir m otion tow ards the  tip  or body of th e  organism.
Electron-m icroscopic studies have revealed th a t these pseudopods are 
com posed of filam ents of varying sizes. The range o f sizes is from  180 A 
to  35 000 Á in diam eter. More im portan t, however, is the  fact th a t  th e  fila­
m ents form a bridge from  one to  another. S tudying th e  kinetics of th is 
system , coupled w ith its  morphology, which is certain ly  unconventional 
in the  sense o f the  specific a rray  of the  skeletal muscle, one is forced to  
conclude th a t  th e  basis for th is  m otion is th a t  of one fibril p as t another, 
th u s supporting  th e  earlier proposal for fibrillar m otion p o stu la ted  by 
the  sliding filam ent hypothesis in  a very  unconventional muscle system.
H o y le : C ontractile system s m ust have evolved from  a common elem ent 
presen t in anim al cells. Doubtless, th e  muscle field would benefit if  more 
a tten tio n  were paid  to  such non-m uscular contractile system s. I  th ink  
it is already  app aren t th a t  th e  common elem ent is likely to  be a  set of very 
fine filam ents. The orderly a rray  seen in s tria ted  muscle would be con­
cerned w ith  im proving th e  synchronization and  therefore speed and  force 
of contraction  in  th e  elem ental unit.
L a k i: G lycerol-treated muscle fiber contracts when placed into n eu tra l 
Nessler’s reagent. In  these conditions it  is the  I-band  th a t  shortens.
In  th is  reagent th e  fibers can be stre tched  3 to  4 tim es o f th e ir original 
length  and m ay be set a t  th a t  length  by transferring th e  fibers in to  water. 
In  th is  stretch ing  procedure essentially th e  I-bands elongate, and  the  ex ten t 
o f s tre tch  is so g reat th a t  it  is unlikely th a t  there  is an  overlap between 
A- and  I-b an d  filaments. N evertheless, such elongated, set fibers contract 
an d  lift weight when p u t back in to  th e  neu tra l Nessler’s reagent. However, 
while u nder load th e  elongated fiber contracts only to  its  original length, 
i t  appears th a t  when th e  filam ents begin to  in terd ig ita te  th e  energy is 
dissipated  and  th u s  only th e  unloaded fiber can contract. A pparently , in 
th is  reagent th e  sliding of th e  filam ents instead  of being responsible for 
generating force, dissipate it.
D a v ie s : Please, Prof. H oyle, do no t use the  te rm  configurational change 
which in chem istry refers to  changes in bonds as in d -l transform ations.
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The correct term  is ‘conform ational change’ which refers to  ro ta tio n  around 
bonds as in a-helix form ation.
H o y le : X shall be g lad to  ad o p t w hatever term s are acceptable to  th e  
chemists. [My use o f ‘configurational’ derives historically from  th e  paper 
by Jean  H anson and  H . E. H uxley (1956).] E ven  biochem ists have used 
‘configurational’ (e.g. M andelkern and  co-workers 1965).
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W il k ie  : I  am  not quite clear abou t some of the  details o f your theory . 
Can you please te ll me how it  is possible to  have tw o different types of 
cross link, one for developing tension and  th e  o ther for shortening? I  do 
no t see how th ey  can be arranged  inside th e  muscle in such a w ay th a t  
shortening and  force are kep t separate. W hen th e  muscle contracts, and 
lifts a load, it  seems to  me th e  links th a t shorten  m ust also overcome the 
full ex ternal force.
H o y le : The theo ry  does no t call for tw o different types o f cross link. 
On th is theo ry  bo th  shortening and  force m ust be developed by  a  con­
form ational change in  un its of a continuous th in  filam ent. However, th e  
initial step  is th e  establishm ent of cross links between ac tin  and  myosin. 
Such links will add  to  th e  stiffness of th e  muscle, and  sum  w ith th e  sub­
sequent changes in longitudinal elem ents in  resisting stretch , except when 
the  links become ben t inw ards tow ards th e  center of th e  sarcom ere as a 
resu lt of th e  local shortening. On th is  basis, the  tension-rise, which s ta rts  
w ith th e  establishm ent o f cross links, will occur in advance of length 
changes. We have found such a separation experim entally, in single crus­
tacean  fibers.
H u x l e y : I t  was no t com pletely clear from  Professor H oyle’s lecture, 
in which muscles and  under w hat conditions he observes his ‘super th in ’ 
filaments. Specifically, could he say w hether he observes such filam ents in 
rabb it and  frog s tria ted  muscle when there is still overlap betw een th e  
thick and  th in  filaments? Can he see super th in  filam ents in cross-section 
near th e  centre of th e  A -band in m oderately stretched  frog and  rab b it 
muscle ? In  circum stances where he sees filam ents in th e  gap form ed by 
the  extensive stre tch  of verteb ra te  muscle, w hat is th e  num ber of these 
filam ents per fileal re la tive to  th e  num ber of th in  and th ick  filam ents?
H o y le : We believe th a t  we can see T-filam ents in all of th e  different 
kinds of muscle exam ined, a t all lengths. This included rab b it psoas and  
sartorius and  frog sartorius. U nfortunately , in no single case are th e  fila­
m ents ou tstand ing ly  clear, although m ost observers who have exam ined 
all our electron m icrographs of each muscle have been satisfied th a t  they  
are there.
In  frog and  rabb it muscles which have been m oderately  stre tched  one can 
often  see a fa in t o rb it o f very  th in  filam ents in th e  H-zone. In  the  M -band 
region cross bridges between th e  m yosin filam ents lead to  the  appearance 
o f six triangles around each myosin. In  some places a small dot, which m ay
be the  T-filam ent in transverse section, appears in the  center of each 
triangle (see Fig. 11 on p. 38).
The num ber of superth in  filam ents in th e  gap regions of m ost of the 
m aterial is alm ost exactly  equal to  the  num ber of actins seen in the  I-band . 
Also, the  dots seen in the  H-zone orbits are sim ilar in num ber to  th e  ac­
tins in  norm al overlap zones. However, th ere  are fewer T-filam ents th an  
actins in th e  Podophthalmus eye raiser. Thus, it seems th a t  th e  num ber 
of T-filam ents m ay com m only, though no t always, be sim ilar to  th a t  o f actin 
filam ents. However, we do no t wish to  be too firm yet abou t these figures and 
keep hoping to  find a m ethod which will sta in  them  more satisfactorily.
J ohnson : I  believe th a t  there  is a fu rth e r difficulty in  th e  operation 
of your model as you have shown it here. Dr H uxley has shown th a t, as 
shortening proceeds, th e  actin  filam ents from  opposite sides of the  sarcom ere 
m eet in  the  center and  th en  pass each other. I f  a connection exists between 
th e  ends of the  ac tin  filam ents and  if th is connection undergoes a con­
form ational change which leads to  shortening, one would expect th a t  the  
ends o f th e  actin  filam ents would be unable to  pass each o ther unless a 
different m echanism  is postu la ted  for shorter sarcom ere lengths. In fact, 
a t  length  below th a t  a t which th e  actin  filam ents m eet, your model would 
p red ic t folding back of the  ends o f these filaments. This clearly does not 
occur; a t  least no t in  frog muscle.
H o y le : On m y model there  is no t considered to  be more th an  a loose 
connexion betw een th e  T-filam ents, which are independently  a ttach ed  to  
th e  Z-discs, or even pass righ t th rough  them  and  th e  actin  filaments. 
Thus, th e  la tte r  are free to  move independently , so there is no difficulty 
in  explaining the  overlap of actins during the  extensive shortening.
D a v ie s : Does D r H uxley accept Prof. Hoyle’s in te rp re ta tio n  of Dr 
H uxley’s electron m icrograph ? Also does he accept th a t  Prof. H oyle’s 
super th in  filam ents ac tua lly  exist ?
H u x ley  and  Sleato r : W hat are th e  technical resources of your group?
H o y le : We have been working intensively on muscle since Jan u a ry  
1965, when we took  delivery of a Siemens Elm iskop 1 A. This instrum ent 
is giving b e tte r  th an  5 A resolution. Our m ateria l is fixed in g lutaraldehyde 
and  post-fixed in osm ium  tetrox ide, em bedded in epon and  sectioned with 
D upon t diam ond knives using a Porter-B lum  MT2 ultram icrotom e. The 
sections exam ined are grey in colour and  stained by th e  usual com binations 
o f heavy-m etal salts. All th is should represent a significant technical 
advance on the  situation  achieved by Huxley in the  work he did  in 1956.
I  should like to  draw  a tten tio n  to  th e  fact th a t  th e  famous longitudinal 
sections of H uxley, on which our m odern ideas abou t muscle are largely 
based, show a sarcom ere length of barely 1 p. The in  vivo sarcom ere length 
of rab b it psoas fibrils is 2-4 p. Therefore, these sections have been com ­
pressed during sectioning by more th an  1 Of) per cent. W hilst th is  has resulted 
in a clear image of high con trast, i t  is nevertheless a highly d isto rted  one.
H u x l e y : I  believe D avies’ question was w hether I  had seen any ind ica­
tions o f very  th in  filam ents in muscle sim ilar to  those reported  by Dr Hoyle. 
D r H oyle showed a  num ber of m icrographs of various types of muscle in 
which he believed these filam ents were visible. 1 was no t qu ite  sure on 
some occasions which ty p e  o f muscle was being described, b u t I  th ink 
I  am righ t in saying th a t  in muscles from  frogs and rabb its  the  super th in
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filam ents were only visible in those which had  been stretched  to  the point 
whereby a gap developed betw een the  ends of th e  th in  and  th ick  filam ents. 
My own observations on muscles have been restric ted  to  those from  frog 
and  rabb it, and some insect fibrillar muscles, and  therefore I  cannot com ­
m ent on D r H oyle’s observations on o ther species. The presence of gap 
filam ents was, however, of course reported  long ago both  by A. F. H uxley 
and  by S jöstrand, and  presum ably th e  filam ents described by Dr Hoyle 
are the  same as those reported  by these o ther au thors. I  have not. myself, 
looked for filam ents in th is  gap region, so 1 cannot speak from  first-hand 
knowledge. I  th in k  it seems very  likely th a t some ty p e  of filam ent is visible 
here, b u t w hether th is  represents a genuine th ird  ty p e  of filam ent in the  
muscle, or w hether it represents th in  tap ered  extensions of th e  th ick  fila­
m ents or a few th ick  filam ents or th in  filam ents which have come ou t of 
register, or w hether it represents some structu res formed between the  ends 
of th e  th ick  and  th in  filam ents during fixation, still seems undecided.
1 was in terested  in Prof. H oyle’s com m ents about section compression 
during th e  cu tting  of very th in  sections. I  have found th a t  when section 
thickness lies below 200 A and  the  sections are cu t w ith a knife edge set 
perpendicular to  th e  long axis of the  muscle and  longitudinal sections cut, 
then  th e  flow of the  plastic takes place ra th e r, I  imagine, like th e  flow 
when a  la the  tool is applied to  a m etal block, and  a very considerable 
foreshortening of dimensions occurs w ithout, however, any  substan tia l 
evidence of dam age to  the  tissue. I f  D r Hoyle can cut sections of, say, 
150 A thickness w ithout such flow occurring, I  would be m ost interested. 
The only reliable index of section thickness I  find is th e  selection of single 
layers of th e  filam ent la ttice  of th e  ty p e  which contain pairs of th in  fila­
m ents in between ad jacen t th ick  ones.
I vanov: D r Couteaux in his very  in teresting rep o rt has said th a t 
'experim ental evidence suggests th a t  th e  ra te  of tension developm ent in 
slow muscle fibres depends also on th e  ra te  of reactions tak ing  place a t  the  
level of the  m yofilam ents them selves’.
In  th is  connection I  should like to  rem ind you abou t our work m ade 
in collaboration with Dr Strelina and  Prof. Gukov, published in 1957. The 
single muscle fibers from  so-called slow and  tw itch  bundles of m. ileo- 
fibularis o f th e  frog were electrically stim ulated . The character of con trac­
tion was registered on moving film. A fter the  evaluation of th e  character 
of the  contraction (tetanic or slow contraction), the  fibers were ex tracted  
w ith distilled w ater or 50 per cent glycerol for several days.
Then th e  ex ten t and ra te  o f contraction upon addition of ATP were 
determ ined. I t  was observed th a t  in so-called tonic bundles of m. ileo- 
fibularis of th e  frog m ost fibers belong to  the  mixed or in term ediate  type. 
They contain in sufficient quantities probably  tw o substrates: actom yosin 
and  a substra te  exhibiting a viscous after-effect. Depending on th e  character 
o f stim ulation, these fibers are capable of different types of slow or rap id  
contractile  reaction.
However, a very low percentage of the  fibers belongs to  th e  purely  tonic 
type. These fibers which exhibited  slow contraction upon electrical s tim u la­
tion contracted  very slowly also upon addition of ATP. Thus it was shown 
th a t  th e  ty p e  of contractile reaction of muscle fibers is determ ined first 
o f all by the  character of their protein substrates.
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Kig . 26 .—Aldolase a c tiv ity  o f  
developing rat m uscles
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F ig . 27 A ldolase a c tiv ity  
o f  develop ing  chicken 
m uscles
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Ol'TMAXN (In stitu te  of Physiology, 
Czechoslovak Academ y o f Sciences): 
The question discussed b y  Professor 
Couteaux concerned th e  essential 
differences betw een slow-tonic and 
fast-tw itch  fibres of the  frog and  the  
question of different stru c tu res in 
these tw o fibres. F rom  a physiological 
po in t of view th e  basic d ifferentiation 
rests especially on (a) th e  existence
F ig . 28 .—Incorporation o f  radioactive :I5S 
m ethionine into the proteins o f  the A LD  
and PLD  o f the chicken 1 h after intraperito- 
neal injection o f  35S m ethionine (200 ,uCi on  
100 g o f body w eight). W hite colum ns =  
number o f im pulses per m g protein per min, 
in m g o f  precipitated protein. B lack co­
lum ns =  activ ity  o f  free am ino acids in im ­
pulses per m g o f  fresh w et tissue
RNAor th e  absence of propagated 
action potentials, (b) th e  co n t­
rac tu re  responses, e.g. to  ace­
tylcholine. — B ut th e  differen­
tia tio n  o f slow tonic and  fast 
tw itch  based only on electro- 
physiological findings will no t 
help us very  m uch to  get a 
general outline o f d ifferentia­
tion. However, if  we com pare 
fast and  slow muscles of 
different anim als from  a me- 
tabolical po in t of view, it  will 
be seen th a t  a general m eta- 
bolical differentiation of fast 
and  slow muscles can be w ork­
ed out, w hatever species we are 
considering. The fast muscles 
show a  predom inance of th e  en ­
zym es of glycolysis and  th is we 
shall find, no tw ithstanding  w he­
th er th ey  are tw itch  fibres in 
th e  classical sense or no t. F ig ­
ure 26 shows th a t  aldolase 
ac tiv ity  is higher in th e  fast 
m am m alian ex tensor digitorum  
longus (EDL) and  in  th e  fast 
posterial latissim us dorsi (PLD) 
in the  chicken (Fig. 27). Glycogen 
levels are again higher in the  
fa st EDL and  in th e  fast PLD 
o f th e  chicken. On th e  o ther 
hand, th e  slow soleus muscle of 
th e  ra t  has a higher tu rnover 
in proteins. Incorporation  of 35S 
m ethionine (Fig. 28) is increased 
in the  slow soleus muscle of the  
ra t  (a tw itch  muscle) and in the  
slow an terio r latissim us dorsi 
(ALD) of th e  chicken (a tonic 
muscle). This cannot be due 
only to  the  increased substra te  
supply or perm eability , as is w ith 
th e  free amino-acids. Moreover, 
th e  slow tonic muscle (Fig. 29) 
has a higher concentration of 
ribonucleic acid and  a higher 
level o f pro teo ly tic enzymes 
(G utm ann and  Syrovy 1966). 
The physiological significance
20 d (embryo) Id 8d 30 d  age
F ig . 29. —Content o f  RNA (m g/100 m g  
proteins) and proteolytic activ ity  (fig  tyrosine 
liberated/m g proteins) o f  developing chicken  
m uscles. Each value is the m ean from six  
animals
F ig . 30. — Caffeine contracture expressed in 
g  o f  tension developed isom etrieally in vitro  
in the soleus m uscle, ti w eeks after im ­
plantation o f  the peroneal nerve and sim ul­
taneous crushing o f  the tibial nerve on one 
side and after crushing the tib ial nerve only  
on the other side. The values show ten ­
sion developed by  the contracture after 
adding a 20 and 40 tuM solution o f  caffeine 
to  the bathing solution
of th e  predom inance of protein  m etabolism  appears in the  different a d a p ta ­
tions to  functional dem ands. The fast muscle is ad ap ted  to  speed and  has, 
therefore, a predom inance in glycolytic processes, th e  slow muscle is ad ap ­
ted  to  m aintenance of tension which is apparen tly  re la ted  to  a higher 
tu rnover in proteins. F inally, I  should like to  po int ou t th e  im portance of 
the  innervation for th e  developm ent of the  m etabolic differentiation of fast 
and slow muscles. The m etabolic d ifferentiation is lost w ith denervation 
and  recovered w ith re-innervation. There is also a  loss of d ifferentiation in 
old age (G utm ann 1964). Miledi (1966a, b) has shown th a t  th e  tonic frog 
muscle can 'accept fast innervation, when transp lan ted . We have used 
a different procedure in m am m alian ra t  muscles. I t  is known th a t  a 
muscle cannot accept accessory innervation, while th is  can be achieved 
in a denervated  muscle. I f  th e  tib ia l nerve innervating  th e  slow soleus 
muscle is crushed and  if sim ultaneously an accessory ‘fa st’ nerve (nor­
mally innervating  th e  m. extensor digitorum  longus) is im plan ted  in to  the  
soleus muscle, a hvperneurotisation can be achieved, i.e. we have then 
a  muscle with tw o end-plates, a ‘slow’ (reinnervated by the  regenerated 
tib ia l nerve a fte r nerve crush) and  a fast one (innervated by th e  im ­
p lan ted  peroneal nerve). The fast im planted nerve changes th e  con­
trac tu re  behaviour o f the  slow muscle. The slow soleus muscle, bu t not 
th e  fast extensor d igitorum  muscle, reacts w ith a con tractu re  to  caffeine. 
However, th e  con tractu re  to  caffeine in th e  slow soleus muscle is m arkedly 
decreased a fte r im plan ta tion  of the  fast peroneal nerve, i.e. in the  case 
of re-innervation  and  hetero innervation  of th e  soleus muscle (Fig. 30). 
Nerve influences are th u s able to  change the  process of excita tion-con­
trac tio n  coupling in th e  muscle (G utm ann and H anzliková 1966a. b).
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Sr eter  (R etina Foundation In s titu te  of Biol. Med. Sciences, B oston): Evi­
dence ob tained  during th e  last few years suggests th a t  myosins from  white, 
or fast (WM) and  red, or slow (RM) muscles (Seidel e t al. 1964. B arany 
e t al. 1964, Gergely et al. 1965, S reter e t al. 1966) differ in th e ir molecular 
structu re . Recently, we have com pared th e  effect of various prepara tive 
procedures on th e  ATPase ac tiv ity  of myosin (Sreter e t al. 1966). The ac ­
tiv ities are higher if ED TA  is added  to  all solutions used in th e  course of the 
prepara tion  regardless of w hether one uses th e  classical Szent-Györgyi p ro ­
cedure based on repeated  precip ita tion  of myosin a t low ionic strength , 
or am m onium  sulphate fractionation , or am m onium  sulphate fractionation 
in the  presence of 2m  LiCl (Luchi e t al. 1965).
Since the  increased ATPase ac tiv ity  in the  presence of EDTA m ight 
have been due to  the  rem oval of im purities, it appeared  of in te rest to  com ­
pare white and red  muscle myosins prepared  in th e  presence of EDTA.
3 0 -
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F i g . 3 1. — E ffect o f  KCl concentration on m yosin ATPase 
activities. A ssay medium: 0 07 M Tris, 4 m u ATP, p11 
7-5, 0 1  m g m yosin perm i, 37°C. K ey: A, 1 no activator; 
o, # . 10 d i m  CaCl2; v , y  5 t o m  EDTA . Open sym bols =  
w hite m uscle m yosin ; filled sym bols — red muscle m yosin
in order to  see w hether im purities m ight have played a role in the o b ­
served differences between RM and WM. The d a ta  to  be presented will 
show th a t  the  differences observed exist in these preparations, too, 
suggesting th a t  the  m ost likely explanation is indeed a difference in some 
aspects o f th e  protein structure .
F igure 31 shows th a t, w ith highly 
active preparations, th e  ATPase ac tiv ity  
o f myosin from  w hite muscles is two 
to  th ree  tim es g reater th an  th a t  of 
myosin from  red  muscles. This difference 
appears both in th e  calcium -activated 
and  in th e  E D T A -activated  system . I t 
should be no ted  th a t  th e  calcium -activated 
ATP ase of bo th  types of myosins 
decreases w ith increasing KC1 concent­
ra tion , an  effect which has been a t t r i ­
b u ted  (W arren e t al. 1966) to  th e  s tru c ­
tu re-d isrup ting  effect of ions. In  contrast
F ig . 32. — E ffect o f KH,C1 and pH  on EDTA- 
activated m yosin ATPase activ ities. Assay  
medium: 0 05 M Tris, pH  7 5, 4 tom ATP, and 
0 -2m g m yosin  per ml, 37° O .K ey:D , ■ 0-3 M 
NHjCl +  5 t o m  EDTA; o, •  0-<> m  KOI 4  ~> 
TOM EDTA.
c:
•S
5Ci.
I
A
i w ith  th is, in th e  absence of CaCl2, KC1
behaves as an ac tiv a to r of both m yo­
sins.
I t  should be added  th a t  results from 
several laboratories, obtained during 
the  last few years, indicate th a t  EDTA 
ac tiva tion  could be a ttr ib u ted  to  th e  re ­
m oval o f traces of Mg th a t  inh ib it 
ATPase (M u h lrad e ta l. 1964, Offer 1964, 
M artonosi and  M eyer 1964). I t  would 
th en  seem th a t  m easurem ents in the  
presence of ED TA  m ight produce a 
more reliable m easure of ATPase ac tiv ity  
th an  those carried  ou t in th e  presence 
o f calcium, since in  the  la tte r  case 
differences in  trace  am ounts of con tam ­
inating  M g++ could lead to  different 
results. ED TA  ac tiva tion  is particu larly  
strong in the  presence o f am m onium  
ions, as was found earlier (Kielley e t al. 
1956) for w hat one would now describe 
as predom inantly  w hite myosin con­
tain ing  unknow n am ounts of con tam ina­
ting  RM  (Kielley e t al. 1956).
In  agreem ent w ith our earlier results 
(Gergely e t al. 1965) showing essen­
tia lly  identical dependence of pH  on 
ATPase ac tiv ity  of WM and RM, the 
same is tru e  for E D T A -activated  ATPase 
(Fig. 32). In  carrying ou t these studies 
it is essential to  add  ATP to  th e  assay 
m ixture before adding myosin. In  the 
absence of ATP inactivation  of RM  (Fig. 
33) ATPase takes place on incubation a t 
p H  greater th an  7 (Sreter e t al. 1966). In o u r previous work on conven­
tional myosin preparations, we concluded th a t th e  inactivation a t  high 
pH  is an in trinsic p roperty  of RM. The persistence of th is  effect in 
presum ably m ore highly purified preparations ob tained  in  th e  presence 
of ED TA  corroborates th is  view.
We are now engaged in studies aim ed a t  th e  elucidation of the  m olecular 
basis for the  differences betw een W.YI and RM. W e have some evidence 
re lating to  differences in th e  reac tiv ity  of SH groups in th e  tw o types of 
myosin (Sreter e t al. 1966), and we are exploring ano ther phenom enon 
reflecting s tru c tu ra l differences, nam ely, th e  slower decrease in the 
viscosity of RM  on digestion w ith trypsin  com pared w ith th e  rap id  dec­
rease in  the  case of WM (Gergely e t al. 1965, Gergely 1953). I t  appears 
th a t, a lthough th e  over-all ra te  o f liberation of non-protein  nitrogen 
is essentially th e  same in WM and  RM, those bonds whose splitting  
critically  affects th e  form ation of fragm ents of th e  myosin molecule pos­
sessing ATPase ac tiv ity  are hydrolyzed more slowly in RM.
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F ig . 33 .—E ffect o f  exposure to a l­
kaline pH  on m yosin  ATPase 
activ ity . Myosin (1-25 m g/m l) was 
incubated at 25° C for the tim es ind i­
cated on the abscissa in a m edium  
containing 0-5 M KC1, and 0 1  M 
Tris, pH  9-0. ATPase assays were 
carried out w ith  0-2 m g o f  m yosin  
per m l in a m edium  containing 0-5 m i  
Tris, 25 t o m  KC1, 10 t o m  CaCl2 a t 
pH  9 0 (a , k ) and a t pH  7-5 (o, 
•  ). Open sym bols =  w hite m usc­
le m yosin; filled sym bols =  red 
m uscle m yosin
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In  conclusion, I  would stress th a t  th e  existence of biochemical differences 
in muscles th a t  appear to  differ physiologically (Buller e t al. 1960) opens 
up an in teresting  area of studies th a t  m ight lead to  a b e tte r  understanding 
o f the  correlations betw een s truc tu re , chem istry and function.
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K ö v é r  (In stitu te  of Physiology, U niversity  Medical School, Debrecen, 
H ungary): D r G utm ann has m entioned in his com m ent, th a t  th e  functional 
differences between te tan ic  an d  tonic muscles can also be reflected in the 
different characteristics of the  s tructu ra l organization of sarcoplasmic 
reticulum .
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F i g . 34 .—Changes in the characteristics o f SR F during
ageing; A ------  A Ca + + uptake in the presence o f 0-002
M potassium  oxalate; A — — - A  Ca + + uptake w ithout
oxalate; o — — — o ATPase activ ity; x  — . .  —x 
cholinesterase activ ity
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Iti our earlier experim ents it 
was found th a t  th e  lower th e  cho­
linesterase ac tiv ity  o f SRF, the  
higher is its  Ca up take. F o r exam ­
ple SR F prepared  from  th e  tetanic- 
muscles of ad u lt rab b it has a re ­
latively  low cholinesterase ac tiv i­
ty  and  a high Ca up take, while 
the  SRF obtained  from  fish (Am-  
iurus nebulosus) muscle possesses 
a  more m arked cholinesterase ac ­
tiv ity  and  a definitely lower Ca 
uptake.
The correlation betw een Ca u p ­
tak e  and  enzyme ac tiv ity  is veri-
F ig . 35. — Effect o f  C a++ on the ATPase
a c t i v i t y  o f  SR F d u r i n g  a g e i n g ;  o ------o
ATPase a ctiv ity  w ithout C a+ + and oxalate; 
A — A ATPase activ ity  in the presence o f
0-12 t o m  Ca + + w ithout oxalate; x ------x
ATPase a c tiv ity  i n  the presence o f 0-002 M
oxalate w ithout C a+ + ; A -------- A ATPase
a c t i v i t y  i n  t h e  p r e s e n c e  o f  b o t h  0 - 1 2  t o m  
Ca + + a n d  0-002 M  o x a l a t e
tied by our observations obtained 
during the  ageing of fish SRF. 
According to  M artonosi, the  d e ­
crease in Ca u p take dem onstrated  
in the  course of ageing can by no 
means be dependent on any  change 
occurring in the  phospholipid 
con ten t of th e  SR-m em brane. In 
Fig. 34 it  m ay be seen th a t  enzy­
me ac tiv ity  increases proportionate ly  to  th e  decrease in Ca uptake. This 
rise in the  enzyme ac tiv ity  suggests a disorganization of th e  m em brane 
structu re . In  th e  following figure (Fig. 35) it  can be observed th a t  during 
ageing th e  capability  of C a ++ to  ac tiv a te  the  SRF-A TPase also changes. 
Nam ely, in th e  first few days, the  ATPase ac tiv ity  m arkedly increased in 
th e  presence o f C a + + , whereas in the  la te r period, C a ++ inh ib ited  the  
SRF-ATPase.
In  o ther experim ents, the correlation between Ca u p tak e  and  enzyme 
ac tiv ity  was investigated  during ontogenetic developm ent. P ractically  no 
Ca u p take was found in  th e  SR F prepared  from th e  s tria ted  muscles of 
rab b its  1-2 days old (Fig. 36). A t the  same tim e, these preparations 
showed a  re la tively  high cholinesterase activ ity . D uring postnatal life, the  
increase in Ca u p tak e  was accom panied by a  decrease in enzyme activ ity . 
This figure dem onstrates fu rth e r th a t  th e  Ca u p tak e  increases significantly 
already  between the  4 th  and  6th days, whereas th e  enzym e ac tiv ity  
shows no noticeable change a t all. I t  m ay be assum ed, therefore, th a t  th is 
increase depends on the  production of some deionizing factors.
To approach th e  problem  from  ano ther angle, we investigated  th e  effect 
of try p tic  digestion on th e  properties o f fish SRF, which was digested by 
trypsin  a t p H  7; sam ples tak en  a t  different periods were inhibited by  a 
soy bean inh ib itor and  Ca up take, ATPase and  cholinesterase ac tiv ity  
as well as the  Ca ac tiva tion  of ATPase were m easured. F igure 37 shows 
th a t  try p tic  digestion lasting h a lf a  m inute results in the  cessation of 
Ca up take, in a definite rise of enzym e ac tiv ity , and  in th e  inh ib i­
tion  of ATPase by C a + + . A nother h a lf a  m inute later, however, enzyme 
ac tiv ity  again decreases, the  Ca u p tak e  again increases to  30-40 per
i
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Fig . 36. — Change o f Ca+ + uptake, ATPase and cholinesterase 
activ ity  o f  rabbit SR F  during ontogenetic developm ent;
•  •  Ca+ + uptake; o ------ o ATPase activ ity; x -------x
cholinesterase activ ity
cent of th e  original level, and  even th e  activation  of SRF-A TPase by 
Ca+ + reoccurs. These resu lts suggest a  rearrangem ent of th e  SR-m em brane. 
In  the  la te r phase o f try p tic  digestion th e  increase in th e  enzyme ac tiv ity  
is accom panied by the  com plete disappearance of Ca u p tak e  and  by  the  
inhibition of SRF-A TPase bv C a+ + .
F ig . 37. — E ffect o f  tryptic digestion on Ca + + uptake, ATPase
and cholinesterase activ ity  o f  fish S R F ; o ------o ATPase
activ ity; 0-06 m m C a+ + ; •  — •  ATPase a c tiv ity  w ithout
Ca + + ; x x cholinesterase activ ity
F ig . 38.— A cetylcholines­
terase ac tiv ity  o f  the A- 
-alpha subneural appara­
tus in the rat gastrocne­
m ius. N ote the synaptic  
gutters (arrows) surround­
ed b y  tw o strongly en­
zym e-active lines, consist­
ing o f hundreds o f sem i­
circular units (organites). 
X 2 000. Thiolacetic acid 
technique
F ig . 39 .—A cetylcholines­
terase a ctiv ity  o f the A- 
alpha subneural appara­
tus in the rat diaphragm. 
Electron-histochernical 
preparation, substrate: 
acetylthiocholine iodide. 
Tn th is picture, the synap­
tic  gutter appears in cross- 
section. A  =  axon, M =  
axonal m itochondria, sv 
-  synaptic vesicles, JF  
=  junctional folds, pre  =  
presynaptic membrane, 
post =  post-synaptic  
membrane, both m em ­
branes exhibiting the same 
kind o f  enzym e activity; 
F N  =  fundam ental nuc­
lei, FM =  fundam ental 
m itochondria (télosom es), 
m f  =  m yofilam ents. 
X  22 000
All these results m entioned call our a tten tio n  to  th e  role of cholinesterase 
molecules in  th e  building-up o f the  SR-m em brane, and  th ey  indicate a 
close relation between ATPase and cholinesterase in  th e  regulation of the  
Ca-binding capacity  of SRF.
C s il l ik  (In stitu te  o f A natom y, Szeged, H ungary): I  should like to  
com m ent on Prof. C outeaux’s m agnificent p resen tation  on th e  innervation 
appara tus of the muscle, and a t  th e  same tim e, I  should like to  ask, Prof. 
G utm ann, a question. The subneural s tructu res we have seen th is  morning 
by  Couteaux represent those in am phibian muscles. In  m am m als, the 
synaptic g u tte rs  of the  muscle surface m em brane are slightly different: 
th ey  are no t s tra igh t, like in frog muscles, b u t have a more or less regular 
rounded form (Fig. 38). The g u tte rs  them selves are bu ilt up  of sem icircular 
u n its  (organites), exhibiting a  strong acetylcholinesterase ac tiv ity . This o r­
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F ig . 4 0 .—Acetylcholinesterase activ ity  o f  the A-gain- 
ma subneural apparatus on an intrafusal muscle fibre 
o f a m uscle spindle in the ca t’s lumbrical muscle. 
N ote the relatively  low  enzym e ac tiv ity  o f  the grape-li­
ke units (arrow). X 2000. A cetylthiocholine technique
ganization characterizes (with few exceptions) all of th e  m am m alian skeletal 
muscles, bo th  tonic and  te tan ic  (red and  white) ones. E lectron m icroscopically , 
as shown in Fig. 39 ob tained  by m y colleagues D r Joó, D r K ása and  m y­
self, the  enzyme acetylcholinesterase is located in  bo th  th e  pre- and  post- 
synaptic m em branes of the  junction. Since th e  post-synaptic  m em brane 
is throw n in to  m ultiple folds, th e  am ount of th e  post-synaptic contingent 
o f the  enzyme is m any tim es (10-15 X )  higher th an  th a t  o f th e  p re- 
svnaptic com partm ent. W e have good reason to  assum e acetylcholinester­
ase to  be associated w ith th e  acetylcholine receptor. The high am ounts of 
enzym e and  receptor in the  branching system  of the  post-junctional folds 
raises th e  question of a  specific function; theoretical considerations lead 
us to  suppose a post-junctional am plification m echanism  to  be active here 
as a device to  strengthen the  action of pre-synaptically  released ace ty l­
choline (Csillik 1965).
An en tire ly  different k ind  of post-synaptic s tructu res is p resent in the  
in trafusa l muscle fibres of muscle spindle organs, innerva ted  by th in  
A-gam ma nerve fibres of th e  sm all nerve system .
Light-m icroscopically, th e  acetylcholinesterase a c ti­
v ity  o f these grape- or ring-shaped stru c tu res is 
m uch w eaker th an  th a t  of th e  aforem entioned A- 
a lpha junctions, and  th e ir s tru c tu re  is very  sim ilar 
to  those seen in tonic am phibian muscles (Fig.
F ig . 41. —A cetylcholinesterase activ ity  o f the A -gam ma sub- 
neural apparatus o f a m uscle spindle in the ca t’s lumbri- 
cal m uscle. E leetron-histochem ical preparation, substrate: 
acetylthiocholine iodide, ( 'ross section o f  one o f  the grape­
like units appears in th is electron micrograph. A  — axon, 
arrows =  short junctional folds. N ote the enzym e reaction  
o f both preand post-synaptic m em branes and the fact that  
m ost part o f  the latter (except for the tw o short folds) is 
sm ooth. X 22 000
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40). As seen in electron-histochem ical sections, the  branching system  
o f junctional folds in  these endings is v irtually  missing (Fig. 41). Thus, though 
th e  acetylcholinesterase ac tiv ity  of bo th  pre- and post-synaptic m em branes 
in th is la tte r  junction  is practically  identical w ith th a t in A-alpha junctions, 
th e  resulting  to ta l ac tiv ity  is m any tim es less, whereas th e  pre-post ra tio  
o f th e  enzyme is 1:1 or 1 :2, as con trasted  to  the  1:10 or 1:15 ra tio  in A-alpha 
endings. I t  appears to  us th a t  the  absence of junctional folds (and, thus, 
th e  absence o f a post-synaptic am plificatory m echanism) m ight be, a t 
least partly , responsible for th e  small junctional po ten tials characterizing 
A -gam m a nerve endings, differing in m any aspects from  the  end-plate 
po ten tia l of A -alpha endings.
Coming back to  G u tm an n ’s presen tation , I  feel th a t  th e  newly form ed 
end-p la tes in muscle fibres w ith  a ‘double innerva tion ’ are m ore sim ilar to  
grape-like A-gam m a endings th an  to  the  (normally present) A-alpha en d ­
ings. I f  th is is really  so, th e  unfolded A-gam ma endings m ight exhibit 
electrical characteristics different from  those of th e  original (folded) nerve 
endings. I  would suggest, therefore, to  check these newly form ed m otor 
end-plates n o t only by  light microscopy but also by m eans o f electron 
m icroscopy and  electron histochem istry, in order to  ob tain  sufficient basis 
for th e  evaluation  of the  electrical characteristics of muscle fibres w ith a 
double innervation.
w
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Csillik, B . (1965) F unctional S tructure o f the P ost-Synaptic  M em brane in  the M y o ­
neural Ju n c tio n , Akadém iai Kiadó, Budapest
V ir á g h  (Central Research In s titu te  of Medical Sciences, B udapest): 
M any muscle cells o f the  a trioven tricu lar conducting tissue in Jihesns ma- 
cacus h ea rt contain leptofibrils. These leptofibrils are practically  sim ilar to  
those observed in th e  skeletal muscle of young birds, in th e  h eart muscle 
cells of ra t  em bryo, in the  conducting system  of the  sheep heart, and  also 
in the  hum an muscle spindle. Leptofibrils were found not only in muscle 
cells b u t also in endothelial cells of arterioles of ra t  m yom etrium .
The leptofibrils of th e  M acacus h ea rt conducting tissue cells are of wavy 
appearance (Fig. 42), consequently, th e ir whole length m ay be seen in one 
single u ltra -th in  section only occasionally. In  th e  m onkey heart the  longest 
leptofibril observed was m easured to  be 3 «, a lthough the  leptofibrils are 
slender structu res th ey  m ay ru n  tigh t parallel to  each o ther form ing 1-5/t 
th ick  bundles a t the  periphery  of th e  sarcoplasm . In  longitudinal section of 
the  leptofibrils 1000 to  1300 A light periods a lte rn a te  w ith 250 A dark  
periods. The light periods consist of 40 to  50 A th ick  filam ents which 
entering the  dark  periods seem to  ram ify or to  thicken.
The muscle cells which contain th e  leptofibrils are not fully d ifferentiated. 
They have slender and  ram ifying myofibrils as well as num erous 50-80 A
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th ick  filam ents dispersed in the  sarco­
plasm. Dispersed filam ents m ay be p re ­
dom inant in some of these cells. The 
leptofibrils lie usually  near and  parallel 
to  th e  sarcolem m a (Fig. 42). I t  has been 
observed in num erous electron m icro­
graphs th a t  leptofibrils connect th e  m yo­
fibrils or th e  dispersed m yofilam ents w ith  
th e  sarcolemma.
In  th e  conducting tissue cells single 
m yofilam ents often  appear to  leave the 
myofibril and  en ter a neighbouring m yo­
fibril or m ay rem ain as ind ividual fila­
m ents dispersed in th e  sarcoplasm . Thin 
filam ents leaving th e  m yofibrils m ay be 
arranged  in to  leptofibrils beginning m ost­
ly a t  the  I-band  level or more seldom a t 
th e  A -band level. T hey are often oriented 
parallel to  th e  typ ical myofibrils and  their 
dense period m ay adhere to  th e  Z-line 
o f them  when th e  leptofibril bypass the  
sarcom ere. Some o f th e  leptofibrils seem 
to  collect th e  irregularly  dispersed th in  filam ents. This is seen especially 
well in  cells containing m ainly dispersed filam ents.
The leptofibrils are usually  a ttach ed  to  th e  free surface of th e  cell where 
th e  sarcolem m a is surrounded by  and  exposed to  th e  connective tissue; 
th ey  are no t a ttach ed  to  th e  in tercala ted  discs. T hey are very  probably  
only th e  m arginal portions of th e  dense periods which are in d irect contact 
w ith  th e  sarcolem m a. Leptofibrils ru n  som etimes perpendicularly  to  the  
cell border an d  under such circum stances are a ttach ed  to  them  w ith the  
last dense period. T hicker leptofibrils m ay adhere step  by step  to  th e  sarco­
lem m a (Fig. 43).
The chemical com position and  possible functional role o f th e  leptofibrils 
are unknow n. Our electron m icrographs show clearly th a t  th e  th in  fila­
m ents of the  myofibrils m ay d irectly  continue in  leptofibrils which strongly 
support the  idea th a t  th e  filam ents of th e  leptofibrils are also ac tin  fila­
m ents. U p till now there  is no convincing evidence th a t  the  leptofibrils 
play any  role in  contraction. Our observations clearly dem onstrate  th a t  
th ey  connect myofibrils to  th e  sarcolem m a. The same was found by  G rüner 
in th e  muscle spindle.
Leptofibrils have been found in em bryonic h ea rt and  young skeletal 
muscle cells so far. T hey m ay be also com ponents of ad u lt muscle fibres 
in which th e  contractile  ap p ara tu s  is no t fully developed. This is th e  case 
in th e  conducting tissues o f th e  h ea rt and  in th e  muscle spindle.
D rabikow ski (D epartm ent of Biochemistry, Nencki In s titu te  of E x p eri­
m ental Biology, W arsaw , Poland): I  should like briefly to  com m ent on 
D r G u tm an n ’s lecture, nam ely, to  give an exam ple of species differ - 
en tation  of pro teo ly tic ac tiv ity . Professor G utm ann showed us th a t  in 
chicken muscles p ro teo ly tic  ac tiv ity  was higher in th e  red  muscles th an  
in  th e  white ones. However, in  ra ts , as was la te r found in Professor Gut-
F ig. 44. — P roteolytic activ ity  in 
different rabbit m uscles (100% -  
lateral vostus). LV =  m. lateral 
vostus; E D L  =  m. extensor digi- 
torum  longus; sol =  m. soleus; 
sem  =  m. sem itendinosus
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F ig . 45. — D istribution o f  proteolytic activ ity  in subcellular 
fractions o f  the w hite rabbit muscles; M yo  -f- N  =  fraction  
0-600 g (dotted line denotes the a ctiv ity  in purified m yofib­
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F ig . 46. — D istribution o f  proteolytic a c tiv ity  in subcellu­
lar fractions o f the red rabbit m uscle. Sym bols as in 
Fig. 45
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m ann’s laboratory , white m us­
cles reveal higher proteolytic 
ac tiv ity  th an  red  ones. On the 
o ther hand, recent investigations 
of O r H ajek  and m yself showed 
th a t in th is respect rab b it m usc­
les are sim ilar to  chicken m us­
cle, nam ely th e  pro teo ly tic a c ­
tiv ity  in red  muscles (m. soleus 
and  m. sem itendinosus) is twice 
as much as th e  ac tiv ity  in  the 
w hite muscles (Fig. 44). In  spite 
of this, th e  d istribu tion  of p ro ­
teo ly tic  ac tiv ity  am ong subcel- 
lu lar fractions is th e  same in 
both kinds of ra b b it muscle 
(Figs 45 and  46). One can see 
th a t the  highest proteolytic- 
activ ity  (6-7 tim es higher than  
th a t in the in itial hom ogen­
ate) is located  in the  m itochon­
drial portions. Several pieces 
of biochemical inform ation o b ­
tained  by  us seem to  indicate 
th a t  in the  s tria ted  muscles 
endogenous pro teo ly tic en ­
zymes are localized in lvso- 
somes, sim ilarly to  o ther tissues, 
as was shown by de D ure and  
his co-workers. On th e  o th er 
hand, as far as I  know, no electron-m icroscopic p ictures of muscle were 
published in which lvsosome-like particles were seen.
V a r g a  (Physiological In s titu te , Medical U niversity  Debrecen, .Hungary): 
Prof. Couteaux dem onstrated  a few very striking p ictures ab o u t th e  differ­
ences in the  nerve supply of tonic and te tan ic  muscles. This afternoon 
Prof. G utm ann presented d a ta  dealing w ith the  differences in neurom uscular 
junctions of different kinds of muscle. In  connection w ith th is problem  
1 should like to  m ention a few observations from  our laboratory . We 
com pared the  effect of different anticholinesterases on cat soleus and 
gastrocnem ius. As can be seen in Fig. 47 afte r 3 mg/kg body weight the  
indirect excitab ility  decreased on the m. soleus and  a fte r one hour it 
becam e inexcitable. However, a t the  same tim e, there  was no change 
observable as far as th e  indirect excitability  of gastrocnem ius was con­
cerned. I t  changed only tw o hours later. We ob tained  sim ilar resu lts in 
the case of prostigm ine, atrop ine and  a few o ther drugs of different structures. 
In  our opinion the  ob tained  differences are explainable, assum ing th a t  the  
neurom uscular junction  o f th e  soleus is no t so differentiated, and  therefore, 
more perm eable to  any  kind of drug. Besides this, of course, one m ay as­
sum e th a t  there are also some differences in the  sensitiv ity  of the  two 
different receptors.
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F ig . 47. — Changes in the direct (dotted line) 
and indirect (full line) excitab ility  o f the 
tw o m uscles. (The abscissa shows the tim e, 
the ordinate the excitab ility  expressed as 
the reciprocal value o f  the threshold in 
volts)
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Fig . 48. — N egatively stained (I per cent phosphotungstic  
acid, PTA) preparations o f  m ouse fragm ented sarcoplasmic, reti­
culum. a general view; note the elem entary particle on m ito­
chondrial fragm ents, b details o f  characteristic vesicular elem ents 
in negatively stained fragm ented sarcoplasmic reticulum; note the  
sm all particles on the surface
71
G e r g e l y  (R etina F oundation , In s titu te  o f  Biological and  Medical 
Sciences, Boston, Mass, USA): In  connection w ith D r K övér’s com m ents 
regarding th e  sarcoplasm ic reticulum  (SR), I  should like to  briefly rep o rt on 
some studies which were carried ou t in  our labora to ry  in collaboration 
w ith  D rs Ikem oto and  S reter (1966).
One o f th e  problem s in  studying  vesicles originating in  the  sarcoplasm ic 
reticulum  is th a t  of purity , and  th is  is particu larly  acute in the  case of 
red  skeletal and  cardiac muscles which have a  high m itochondrial 
conten t. E lectron-m icroscopic exam ination of negatively stained  (Huxley 
and  Zubay 1960) specimens of preparations th a t  have C a-uptake, ATPase 
and  relaxing ac tiv ity  — usually  referred to  asg ran a , microsomal fraction  or 
fragm ented sarcoplasm ic reticulum  (FSR) — m akes it  possible to  check 
th e ir p u rity  and  reveals some in teresting  features of th e  particles present.
We have used a m ethod of hom ogenization th a t  was originally de­
vised for keeping m itochondria in tac t (Yon K orff 1965) in order to  m inim ­
ize adm ix tu re  of m itochondrial fragm ents in fractions ob tained  be­
tw een 6 000 and  25 000 g. The predom inant s tructu res (Fig. 48a) have a 
globular head w ith a d iam eter of Od-0-2 «, to  which one or more 
tails are a ttached . In  preparations of th is  ty p e  m itochondrial fragm ents 
show up clearly by v irtue  of th e  so-called elem entary partic les a ttached  
to  them  (Fernandez-M oran 1962). The more num erous elem ents originating 
presum ably  in th e  SR are readily  distinguished from  such m itochondrial 
fragm ents by  th e  lack of these particles, a lthough under higher magnifica­
tion  details of th e  surface stru c tu re  are clearly visible (Fig. 486). These 
consist of partic les of m uch sm aller size and appear sim ilar to  those de­
scribed for o ther microsomal particles (B eneditti and  E m m elot 1965, 
McL ennan e t a l., in press).
Following incubation w ith  ATP, calcium and oxalate, structu res th a t 
are light in th e  electron m icrographs appear presum ably corresponding 
to  Ca-oxalate deposits (Fig. 49). Owing to  C a-uptake by  th e  vesicular FSR 
(Hasselbach 1964a), these deposits appear only in th e  globular portion, 
a lthough quite frequen tly  th e  ta il portions appear to  be outlined much 
more sharply  under conditions of C a-uptake.
Since ATPase ac tiv ity  is characteristic of these particles, and  indeed 
ATPase ac tiv ity  has been considered as th e  basis of active calcium tran sp o rt 
(Hasselbach 1964b), we tried  to  localize th e  ATPase sites by  incubation 
in a  m edium  containing lead salts. The earliest deposits a ttrib u tab le  to  
lead phosphate appear a t  th e  junction  of th e  ta il and  th e  globular 
p a r t, suggesting th a t  these are m ost th e  active sites of ATPase ac tiv ity  
(Fig. 50).
On longer incubation, deposits appear more diffusely in th e  globular p o r­
tion. In  order to  elim inate possible a rtifac ts  (cf. Gillis and  Page, in press), we 
have carried o u t control experim ents in m edia containing inorganic phos­
p h a te  and  under these conditions th e  deposits seen on incubation in  the  
presence o f ATP are absent. Thus, i t  m ay be safe to  conclude th a t  the  
deposits ob tained  in  th e  presence of ATP appear a t  the  sites where ATP 
is hydrolyzed ra th e r th an  as a resu lt of the  absorption of lead phosphate 
form ed by  th e  reaction w ith  phosphate present in  th e  medium.
Trypsin has been known to  destroy th e  relaxing ac tiv ity  (Lorand e t al. 
1957), w hat one now would describe as FSR . We have carried out trypsin
F ig . 49 .—V esicles o f the frag­
m ented sarcoplasmic reticulum  
loaded w ith Ca-oxalate. N ote  
th at accum ulation o f  the m a­
terial o f low  electron density  
is seen only in the globular 
portion o f the vesicle (see text). 
N egative staining w ith l per 
cent V T A
F i g . 50. —  Localization of
ATI ’aso a ctiv ity  in vesicles o f  
the fragm ented sarcoplasmic 
reticulum
F i g . 51. — Structural changes in 
F SR  vesicles on digestion w ith  
trypsin. Vesicular protein -tryp­
sin ratio 1/100. Time o f  incu­
bation: a  0 m in, b 5 m in, c 
10 min, d  20 m in, e 40 min, 
/  60 min
digestion using various levels of t ry ­
psin and  our results agree in some 
ways w ith  those of D r K övér, although, 
as you will see, a t  some points th ey  do 
not. S tructurally , trypsin  digestion 
first leads to  a lterations in the  ta il 
portion, resulting eventually  in th e  se­
paration  of th e  ta il from  th e  globular 
portion. On longer digestion the  des­
truction  of th e  globular portion  also 
tak es  place (Fig. 51).
C oncom itantly  w ith  these s tructu ra l 
changes, calcium u p tak e  decreases bu t 
the  ATPase shows an increase, the 
tem poral sequence o f th e  changes 
being som ewhat dependent on the 
ra tio  of trypsin  to  th e  vesicular p rotein  
(Fig. 52). At lowest trypsin  concentra­
tions there  is an  alm ost instan taneous 
40 per cent decrease in calcium u p ­
tak e  w ith very little  change in  ATPase 
activ ity . During the  nex t tw en ty  m i­
nu tes calcium u p tak e  decreases g rad u ­
ally, while ATPase increases consider­
ably. A t higher try p sin -p ro te in  ratios 
calcium up take drops very rap id ly  and 
a t  the  same tim e ATPase ac tiv ity  
increases; on longer digestion ATPase 
ac tiv ity  eventually  decreases, b u t only 
a t  th e  highest concentration does it  d rop below th e  initial level. We have 
never observed the  biphasic effect reported  by D r Kövér.
These changes could be in terp re ted  as being either due to  some uncoupling 
between ATPase and calcium u p tak e  a t th e  active sites, or to  selective 
destruction  of the  calcium uptake sites with the  altera tion  of the  s tructu re  
resulting in either th e  appearance o f new ATPase sites, or an  increased 
ac tiv ity  a t th e  existing ones.
I t  would be in teresting to  speculate on the  m eaning of the  appearance 
of lead phosphate deposits in the  presence of ATP a t th e  junction of th e  tail 
with th e  globular portion, in term s of th e  la tte r  being the  principal site 
of ATPase ac tiv ity . In  view o f th e  fact th a t  trypsin  alters the  ta il portions 
first, and th a t  these changes are accom panied by changes in calcium u p ­
take, it would seem th a t  — although calcium deposits are never seen in the 
ta il portions — there  m ay be some functional connection between the 
tail-like portions and  the  globular portion where th e  calcium deposits appear.
Finally, I  should like to  say a few words about the  possible connection 
between some features of th e  SR in  vivo and  th e  particles seen with the  
electron microscope. The partic les containing a globular head and  a tail- 
like appendix m ight suggest th a t  the  form er correspond to  th e  term inal 
cistern of th e  SR in  vivo, whereas the tail-like portions represent th e  tubu lar, 
longitudinal, more cen tral p a r ts  of th e  SR. The parallelism  between the
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F i g . 52. — The effect o f  trypsin on 
ATPase and Ca-uptake a ctiv ity  o f  
fragm ented sarcoplasmic reticulum
74
localization of the Ca deposits in term inal sacs (Costantin et al. 1965, 
H asselbach 1964b) and  in th e  globular portions in  negatively stained  p re p ­
arations o f F SR  m akes th is ten ta tiv e  correspondence even more a ttrac tiv e . 
However, a t  th is  stage th is  has to  be considered as being purely  conjectural 
and  more work will be needed to  establish correlations betw een various 
aspects o f the  partic les found in preparations of FSR  and  the  structu ra lly  
and functionally  d istinc t p a r ts  of th e  SR in  situ.
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U N I V E R S I T Y  OF  T O K Y O ,  T O K Y O
The revolutionary  discoveries m ade in  Szeged a  qu arte r of a cen tury  ago were 
n o t only th e  first step  in th e  m olecular biology o f m uscular contraction, bu t 
also th e  first success in pursuing th e  physiological function on a  molecular 
basis (Szent-Györgyi 1941, B anga and  Szent-Györgyi 1941, S traub  1942). 
Today, it  is a m a tte r of common knowledge th a t  th e  in teraction  between 
actin  and  myosin in th e  presence o f ATP is th e  fundam ental process u n d er­
lying m uscular contraction. F u rth er, a  polym erized form  of actin  (S traub 
1942) or m yosin (Noda and  E bashi 1960) appears to  be alm ost iden tical or 
very  sim ilar to  the  ac tua l m yofilam ents in myofibrils (Hanson and Lowy 
1963, H uxley 1963, Zobel and  Carlson 1963). Thus, i t  would appear th a t  a 
precise stu d y  o f th e  actin -m yosin  system  m ight provide a to ta l p ic tu re  of 
m uscular contraction in living muscle.
R ecently , however, investigations in tending  to  bridge th e  gap between 
the  m olecular m echanism  and physiological contraction have led to  th e  con­
clusion th a t  the  im p o rtan t aspect of m uscular contraction cannot be rep re­
sented solely b v the  m vosin-actin  in teraction , b u t requires th e  partic ipa tion  
o f o ther s tru c tu ra l proteins (Ebashi 1966). Since m y lecture will be followed 
by o ther papers which will effectively cover th e  general aspect of muscle 
biochem istry and biophysics, I  should like to  confine th is  p resen ta tion  to  
recent studies on new stru c tu ra l proteins which have been found and studied 
in our laboratory .
Native tropomyosin (a factor sensitizing actom yosin to  Ca ions).- - I t  is 
well established th a t a m inute am ount of Ca ions regulates th e  co n traction - 
relaxation cycle (W eber e t al. 1963, E bashi 1965). Responsiveness to  Ca 
ions or Ca-rem oving agents can be dem onstrated  no t only w ith  myofibrils 
and  glvcerinated  fibres, b u t also w ith such a simple system  as m yo­
sin B, which has been called n a tu ra l actom yosin. However, since 
syn thetic  actom yosin does n o t possess th is im p o rtan t p ro p e rty  (Perry 
and  Grey 1956, W eber and  W inicur 1961), i t  is app aren t th a t  th e  a c tin -  
myosin in teraction  is devoid o f some fundam ental feature o f muscle con­
trac tion . W e investigated  th is  problem and  found th a t  ano th er s tru c tu ra l 
p rotein  is needed, in addition to  ac tin  and  myosin, to  show th e  respon­
siveness to  Ca ions (Ebashi 1963, Ebashi, S. and  Ebashi, F. 19641. The factor 
is very  sim ilar to  th e  tropom yosin o f Bailey (1948), in its  physico-chem ical 
properties, b u t differs in th a t  th e  ordinary  tropom yosin does no t show 
th is  physiological ac tiv ity .
F ig . 1. — Response o f trypsin-treated myosin B to  GEDTA  
in the absence (A ) or the presence (R) o f  native tropom y­
osin. — GEDTA: glycoletherdiam inetetraacetic acid (EG- 
TA). Figures on curves indicate am ounts o f native tropo­
m yosin in ^g/m l. Trypsin-treated m yosin B, 0-78 m g/m l. For 
other details see the original paper (Ebashi S. and E bashi F.
1 9IÍ4)
F ig . 2. — E ffect o f  native tropom yosin on viscosity o f  F-actin  
solution. Curves on the left =  actual values o f  specific v is­
cosity o f  solutions. Curves on the right — calculated from  
the curves on the left. A • NT =  s^p(A; n t  ) — %p(NT)
The new protein , ten ta tiv e ly  nam ed native tropom yosin,* is sensitive to  
trypsin  digestion as is th e  ord inary  tropom yosin (Laki 1960). B y using th is 
trypsin-sensitive p roperty , th e  presence of native  tropom yosin in myosin 
B and  myofibrils has been dem onstrated  (Fig. 1).
* According to  I). R . K om inz, tropomyosin extraite á  [i 1 o f Ham oir (1955) and 
A  -protein o f Amberson et al. (1957) m ight be related to native tropom yosin (personal 
com m unication). A zum a and W atanabe (1965) have shown th at ‘m etin’ prepared 
b y  Szent-Györgyi and Kammer (1963) contains this protein as a minor com ponent.
N ative tropom yosin has a rem arkable effect on F-actin. F or example, it 
elevates th e  viscosity of F -ac tin  d istinctly  (Ebashi and  K odam a 1966) 
(Fig. 2). Flow -birefringent studies have revealed th a t  the  in teraction  is very 
anom alous and  cannot be com pared w ith any  o ther in teractions between 
s tru c tu ra l proteins of muscle. According to  electron-m icroscopic pho to ­
graphs, F -ac tin  filam ents from  which native tropom yosin has been exhaus­
tively  rem oved are more pliable th an  usual and  show a tendency  o f clinging 
to  each other. The addition of native tropom yosin to  such filam ents restores 
th e ir form er rigid state .
T  A  I! r. E  I
A m i no-acid composition# o f tropomyosin-related proteins
Native
tropomyosin
Tropomyosin 
(Kominz et al. 
1957)
Troponii
Asp S3 89 83
Thr 20 26 22
Ser 34 40 31
Glu 201 212 159
Pro 10 2 26
Gly 21 ] i 43
Ala 94 MIS 74
Val 29 27 37
Met 22 16 27
lieu 37 29 33
Leu 85 97. 65
Tyr 17. 15 12
Phe 10 4 23
His 9 5 17
Lys 106 1 13 100
Ar k 49 41 6(5
(N'H3) (66) (64) (60)
825 833 818
Troponin  (a factor prom oting the  aggregation of tropom yosin). — From  
a q uan titive  standpo in t, the  physico-chem ical properties of native tro p o ­
myosin are to  a certain  ex ten t different from those of o rdinary  tropom yosin. 
The form er has a higher viscosity and  an increased sedim entation constan t 
(^ 2 o>w at  p =  0-27 is approx. 4-7) th an  the la tte r. There is also some differ­
ence in  th e ir am ino-acid com positions (Table I). Investigation  inquiring into 
th is  problem  has revealed th a t  native tropom yosin could be separated  into 
tw o com ponents (Ebashi and  K odam a 1966), one is the  ord inary  tropom yo­
sin and  the  o ther a pro tein  of globular natu re , which we have nam ed troponin  
(Ebashi and  K odam a 1965, 1966). The ra tio  between tropon in  and  tro p o ­
myosin is around 1 to  2-3. Troponin, like tropom yosin, is very  sensitive to  
trypsin  digestion (Figs 3 and 4).
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I f  troponin  is added  to  tropom yosin, there 
occurs a rem arkable increase in viscosity (Fig. 3) 
and  sedim entation constan t (Fig. 4). On the  
basis of these results to g e th er w ith those from 
flow-birefringent studies (Fig. 5), th e  conclusion 
can be draw n th a t  troponin  facilitates th e  ag ­
gregation of tropom yosin. The am ino-acid com ­
position of troponin , which in com parison w ith 
th a t  of tropom yosin is d istinct, accounts for 
th e  difference in  am ino-acid com positions of 
native and  of ord inary  tropom yosin p repara­
tions (Table I). Troponin itse lf does n o t in teract 
w ith  F -ac tin  alone, b u t only in  th e  presence of 
tropom yosin does it exert the  same effect as 
does native tropom yosin on F-actin  (Ebashi 
and  K odam a 19(56).
Troponin com bined w ith tropom yosin shows 
essentially th e  same effect as th a t  of native  
tropom yosin on th e  actin -m yosin  in teraction  
(Fig. 6). Thus, the  tropon in-tropom yosin  complex dem onstrates alm ost all 
of the  properties of native  tropom yosin. This m eans th a t  Bailey’s 
tropom yosin (Bailey 1948) , th e  function of which has long been unknow n, is 
now definitely connected w ith th e  physiology of muscle in com bination with 
troponin.*
As sta ted  above, trypsin  is a  good agent to  elim inate native  tropom yosin 
from  myosin B  or myofibrils. Since i t  is shown th a t  native tropom yosin 
consists of two com ponents, viz. troponin  and tropom yosin, th e  question 
arises as to  which com ponent would be a ttack ed  by  trypsin  preferentially . 
T he investigation  of th is  problem  
has revealed th a t  m ild trypsin  t r e a t ­
m ent abolishes tropon in  completely, 
b u t leaves m uch o f tropom yosin 
unaffected. This explains th e  em bar­
rassing fact th a t  tropon in  itse lf can 
ex ert a definite native tropom yosin­
like effect on try p sin -trea ted  myosin 
B (Figs 7 and  8).
%-A ctin in  (a factor prom oting the 
in teraction  betw een actin  and  m yo­
sin). —The crude ex trac t used to  
prepare native tropom yosin contains 
a large am ount of ano ther protein,
I  A B L x  I I
Contents o f structural proteins
Proteins g/100 g of muscle*'
Myosin 5*5 —6-0
Actin ~ 2 -0
a-actinin 0-8- 1-0
/5-actinin ~0-2
Tropomyosin 0-5 0-7
Troponin 0-2 0 3
* Estim ated  from the yield
troponin, mg/ml
F i g . 3 . —E ffect o f  troponin  
on v iscosity  o f  tropom yosin. 
For the details see the orig­
inal paper (Ebashi and K o­
dama 1965)j
* Mueller (1966) is o f  the opinion th at native tropom yosin m ay be a type o f tropo­
m yosin  preparation which contains a larger am ounts o f sulfhydry! groups than is 
usual. W e cannot accept th is opinion because o f various reasons, for exam ple:
(1) the a ctiv ity  o f  native tropom yosin is not parallel w ith the sulfhydryl contents;
(2) tropom yosin preparation o f  high sulfhydryl contents is not effective (S. W atanabe, 
personal com m unication); (3) tropom yosin preparations m ade by  the original pro­
cedure o f Bailey, which Mueller followed, very often contains considerable am ounts 
o f native tropom yosin.
SO
18 min 34 min 98 min
t rokonin 
5 mg/inl
l ropomyosin 
4'8 mg/ml
troponin 
3 mff/mi and 
tropom yosin 
3 mg/inl
F ig . 4. — Sedim entation diagrams o f  troponin, tropom yosin  
and troponin-tropom yosin com plex. Ionic strength 0-27, 
pH (rX (0-02 M Tris-maleate)
A
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F ig . 5. — E ffec t o f  tro p o n in  on flow birefringence o f  tropo- 
m yosin. Tropomyosin (Mi m g/m l
(1 Symp. Biol. H ung. 8.
F ig . 6. — E ffect o f  troponin—tropom yosin com plex on super­
precipitation o f  synthetic actom yosin. Tropom yosin 0 0(i 
m g/m l, troponin 0 03 m g/m l, actom yosin 0-7 m g/m l, GEDTA  
1 X 1 0 - 4 M
F ig . 7. — E ffect o f troponin on superprecipitation o f  
trypsin-treated m yosin B . Troponin 0-03 mg/ml, n a ti­
ve  tropom yosin 0-06 m g/m l, trypsin-treated m yosin B  
0-65 m g/m l, GEDTA 2-S x 10 _ 5 m
nam ed a-actinin (Ebashi e t al. 1964, Ebashi, S. and  Ebashi, F.* 1965). The 
yield of this p ro tein  from  muscle is more th an  one th ird  of actin  (Table XI). 
N onom ura (1967) has shown th a t  p reparations ob tained  by am m onium  sul­
p h ate  fractionation  consist of th ree  com ponents, of which th e  sedim entation 
constants, S 20,w, are 6 S, 10 S and 25 S. All com ponents have alm ost equal 
physiological ac tiv ity . Molecular w eights of th e  6 S and  25 S com ponents 
are abou t 1-6 X  103 and  3-2 X  106 respectively. All evidence indicates 
th a t  these com ponents are of a  globular natu re .
I f  an  appropriate  am ount of a-actin in  is added  to  E -actin , th e  la tte r  g e la t­
inizes im m ediately a t cold tem peratu re. In  case of excess addition of a-actinin 
F -actin  isprecip itated(E bashi, S. and Ebashi, K. 1965). According to  electron-
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microscopic studies, a-actin- 
in  seems to  facilitate lateral 
association of F -ac tin  fila­
ments.
In  add ition  to  its  effect on 
F -ac tin , a-actin in  prom otes 
th e  ra te  and  the  ex ten t of 
superprecip itation  of sy n ­
th e tic  actom yosin (Kominz 
e t al. 1957, Mueller 1966).
The action  of a-actin in  is 
more pronounced a t high 
concentrations of Mg ions 
(Fig. 9). N ative  tropom yo­
sin, and  tropom yosin to  a 
lesser ex ten t, bo th  inh ib it the 
action of a-actinin, b u t in 
th e  presence of high concen­
tra tio n s of Mg ions, th e  in h i­
bition is m uch less (Fig. 10). L ike /2-actinin, th e  am ino acid com position of 
a-actin in  resem bles th a t  of actin . The properties of /3-actinin, ano th er new 
s tru c tu ra l p ro te in  found by  M aruyam a (1965), will be described later.
I t  is in teresting th a t  all th ree proteins, native tropom yosin, a-actin in  and  
/i-aetm in, show a profound effect on the  physico-chem ical p roperties of 
F -actin , b u t no t on those of m yosin. There is good evidence to  say th a t  all 
these proteins, a t  least th e  first two, are located in the  th in  filam ent includ­
ing th e  Z-band. Thus, th e  th in  filam ent m ay no t be considered as merely 
a  filam ent of F -actin , b u t a com plex of these s tru c tu ra l proteins. F u rth e r­
more, H am a e t al. (1960) have 
shown th a t  the  properties of n a tu ­
ra l F -actin  are considerably differ­
en t from  those o f o rd inary  F-ac- 
tin ; e.g., th e  form er is far more 
labile being m ore readily  d e n a tu r­
ed. All these facts and  consider­
ations strongly ind icate  th a t the  
properties o f F -ac tin  filam ents in 
solution do no t provide com plete 
inform ation concerning th e  p rop­
erties of the  th in  filam ent in  vivo.
Localization of neiv structural 
proteins in  m yofilam ents.— Two 
m ethods were used for th e  d e te r­
m ination of th e  localization of 
native  tropom yosin and  its  com ­
ponents in th e  m yofilam ent (Endo 
e t al. 1967). One included the  o r­
d inary  an tibody  technique using 
FTTC (fluorescein isothiocyanate) 
or ferritin  as th e  m arker. The
F ig . 9 .—E ffect o f a-actinin on superpreeipi- 
tation  a t varied concentrations o f  Mg ions. 
Curves indicate the m axim um  turbidity, 
a-actinin 0-125 mg/ml, actom yosin 0-75 m g/m l
F ig . 8 .—E ffect o f tropom yosin extracted from  
trypsin-treated m yosin I! on superprecipitation  
o f synthetic actom yosin. a control, b tropo­
m yosin  extracted from trypsin-treated m yosin B  
0-03 m g/m l, c b -\- troponin 0 03 m g/m l. A cto ­
m yosin 0-75 m g/m l, GEDTA 2 - 5 x l 0 ~ 5 m
<i* S3
F i g . 10. — Com petition betw een a-aetinin and native tropo­
m yosin in superprecipitation at different concentrations o f  
Mg ions. a-A =  a-aetinin 0'25 m g/m l, N T  native tro­
pom yosin O'OG mg/ml, actom yosin 0-75 mg/ml
o ther m ethod involved com bining th e  protein itself w ith FITC and  then 
allowing fu rth e r combining of th is complex with myofibrils, from  which 
th e  protein  under investigation had  been rem oved previously. As describ­
ed above, try p sin  first elim inates troponin  preferentially , then  tro p o ­
myosin. This procedure is quite fitted  for our purpose.
F i g . 11. — Fluorescent rniorophotographs o f  FITC-labelled a n ti­
bodies o f  troponin and tropom yosin, a FITC-antibodies were 
absorbed by actin, h absorbed bv troponin, c myofibrils were 
pretreated by unlabelled anti-troponin
Sd
FITC-labelled native tropom yosin binds to  the  en tire  th in  filam ent region 
and  th e  Z-band of try p sin -trea ted  myofibrils. The unsta ined  region cor­
responds to  th e  H-zone exactly  and  its w idth increases w ith the  degree of 
stretch ing  of fibres. A fter mild trypsin  trea tm en t, F IT C -troponin  binds u n i­
form ly to  th e  th in  filam ent region, b u t no t to  th e  Z-band. I f  tre a ted  with 
trypsin  fu rther, th e  region unstained  by FITC -troponin  gradually  increases 
around  th e  Z-band. FITC -tropom yosin binds to  only the  Z-band region 
a fte r m ild trypsin  trea tm en t. F u rth e r trea tm en t w ith trypsin  increases the  
area in which FITC -tropom yosin binding occurs.
All these facts suggest th a t  tropon in  is located along the  whole th in  fila­
m ent b u t no t a t  th e  Z-band. Tropom yosin seems to  exist along the  entire 
th in  filam ent including th e  Z-band.
The results ob tained  w ith F IT C -antibody  of troponin  are consistent with 
the  above supposition (Fig. 11). However, the  d istribu tion  of an tibody  of 
tropom yosin is, to  a certain  ex ten t, puzzling. I t  always binds to  th e  entire 
th in  filam ent region as expected (Fig. 11), bu t less pronounced to  th e  over­
lap region and  only occasionally to  th e  Z-band. A t present we do n o t have 
a definite explanation  for this.
I f  we observe th e  binding o f an ti-tropon in  w ith th e  electron microscope, 
a definite periodicity  of approxim ately  400 Ä can be observed along th e  
whole th in  filam ent (Figs 12 and  13). This indicates th a t  th e  well-known 
periodicity  of 400 A along the  th in  filam ent is a t least p a rtly  due to  th e  
presence of troponin.
In th e  case of a-actinin (Masaki 1965), only one m ethod, i.e. th e  labelled 
an tibody  technique, is used a t  present. According to  this,* th e  localization 
of a-actin in  is confined to  th e  Z-band region. This is certain ly  a reasonable 
location o f a-actinin in view of o ther biochemical evidence. However, th e
TABLE III
Localization o f .structural proteins of regulatory nature
P r o te in s
Troponin 
T ropo myosin
Native tropomyosin (troponin- 
tropomyosin complex)
a-actinin
/?-actinin
Localiz a tio n
thin filament with 400 A. 
periodicity
thin filament and Z-band
thin filament 
Z-band
* The antibody o f a-actinin was shown to bind also to  the M-line (Ebashi 1966). 
H ow ever, it was revealed later that this was due to the antibody o f a different protein  
contam inating the preparation o f a-actinin used for im m unization. The investigation  
as to  whether the contam inated protein is identical w ith the M-line substance is 
now in progress.
F lo. 12.— Klectron micrographs o f moyfibrils treated with ferritin-labelled antibody  
o f troponin. Osmium fixation and double staining with uranyl acetate and lead
(Milloning). Approx. X 42 500
F i g . 1 3.- Klectron micrographs o f  separated filam ents treated with ferritin-labelled 
antibody o f troponin. N egative staining with uranyl acetate*. Approx. X 70 000
SI)
am ount of oc-actinin in muscle is too large to  be lim ited only to  the  Z-band 
region (Table II). In  th is  respect fu rth e r investigation is still needed (Table
H I).
Concluding remarks.— The significance of the  stru c tu ra l p roteins described 
here as well as those to  be repo rted  la te r m ight be considered subsidary 
com pared w ith  the  essential n a tu re  of actin  or myosin in muscle contraction. 
However, it  m ay also be tru e  th a t  th e  in teraction  between ac tin  and  myosin 
would never develop to  a  real contraction in  living muscle w ithout th e  aid 
of these proteins. In  o ther words, th e  more em phasis is laid  upon physio­
logical aspects, the  m ore the  roles of these proteins can be appreciated .
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O R G A N I C  S U B S T A N C E S  
() F  T H E S T R I A  T E D VI U S C L E
I.  I . I v a n o v
D E  P A J{ T M E X T O F  B I O C H E M I S T  K Y, M 1 L  1 T A H V M E D I  C A I, A C A D E  M V.
L E N I  N G I! A D
I f  I  ven tu re  to  take  th e  floor a fte r th e  brilliant rep o rt m ade by Prof. E bashi. 
it is only for the  reason th a t  th e  resu lts of th e  investigation I  w ant you to  
tak e  notice of, m ay possibly be considered an  extension of the  cardinal 
researches in the  field o f m uscular biochem istry which have been carried out 
in Szeged. Our investigation concerns m uscular proteins stud ied  in a compa 
ra tive biochemical aspect or, to  be more exact, in phylo- and ontogenesis. 
There is no doub t th a t  even a simple qu an tita tiv e  determ ination of acto- 
m yosin-complex proteins contained in various types of muscle a t different 
stages of ontogenesis m ay suggest a num ber of questions which would 
scarcely arise if no o ther b u t skeletal muscles of adu lt anim als, sav rabbits, 
were exam ined.
As early  as 1948-49, in our study  on the  chemical com pound of skeletal, 
cardiac and  sm ooth muscles, we noticed th a t  th e  protein  fractional com ­
position of those muscles was m arkedly peculiar. Slowly contracting smooth 
muscles capable of producing viscous after-effect, which not unfrequentlv  
tu rn s  in to  o b tu ra to ry  function not related  to  any  considerable increase in 
energy m etabolism , proved to  differ from  rapidly  contracting stria ted  
som atic muscles in having a  low content of actom yosin. This, as well as 
m any o ther facts discussed previously, allowed us, as early  as 1949, to  
suggest th a t  there exists in th e  sm ooth tonic muscles a special substra te  of 
viscous after-effect, or a substra te  of indefatigable counteraction to  d is­
tension, which is no t identical w ith  the  o rd inary  actom vosin-substrate of 
contractile  activ ity . I t  will be recalled th a t P arnas, Bailey, Tsao, Rüegg and 
m any o ther investigators came to  sim ilar conclusions when th ey  were s tu d y ­
ing the  sm ooth o b tu ra to ry  muscles of in verteb rates (molluscs).
P articu larly  from  our d a ta , Tsao concluded th a t tropom yosin B can 
possibly p artic ipa te  in th e  o b tu ra to ry  function perform ance in sm ooth 
muscles o f vertebrates. Do no t forget: w hat we said abou t the  exis­
tence of a special viscous after-effect substra te  concerned only sm ooth tonic 
muscles. As to  the  m echanism  of producing various types of tonus in 
s tria ted  skeletal muscles, I  have no chance of discussing it here. I  would like 
only to  m ention th a t in so-called tonic bundles of m. iliofibularis of th e  frog 
most fibres belong to  the  m ixed or in term ediate  type. They contain, 
probably, tw o substrates: actom yosin and a  su b stra te  exhibiting a viscous 
after-effect. D epending on the  character of stim ulation, these fibres are 
capable of different types of slow or fast contractile  reaction. Only a  very  low 
percentage of th e  fibres belongs to  th e  purely tonic ty p e  which 1 m entioned 
yesterday  in my com m ents to  Dr C outeaux’s report. All th e  same, one
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should th in k  th a t  d a ta  charac­
terizing the  behaviour of p ro ­
tein  fractional com position of 
sm ootli tonic muscles m ight 
be of in te re st to  th e  specialists 
who are carrying on research 
into th e  mechanism  of p roduc­
ing and  m ain tain ing  skeletal 
muscle tonus of various types.
Studies pursued in our lab ­
oratory , and published between 
1959 and  1962, have su b s tan tia t­
ed a previously established fact, 
i.e. the  low level of actom vosin- 
complex proteins in  sm ooth vis­
ceral muscles as well as in s tr i­
a ted  muscles a t  early  ontogenetic 
stages. The cardiac muscle occu­
pies an  in term ediate  place, kee- 
pingcloser to  skeletal muscles of ad u lt anim als as far as actom yosin conten t 
is concerned.
To exam ine th e  pro tein  fractional com position of various types of muscles 
in  ontogenesis we have m ade use of our m odification of muscle pro tein  salt 
fractionation , as th is  m ethod enabled us to  estim ate in a tissue sample, ap a rt 
from to ta l and  pro tein  n itrogen and  proteins of sarcoplasm , strom a, and 
myofibrils (actom yosin complex), the  con ten t of m yofibrillar p ro teins soluble 
in salt m edia of low ionic strength .
The pro tein  fraction las t referred  to  was previously term ed  ex trap ro ­
tein . We have term ed  it  T -fraction, since it  is not w ith individual protein 
b u t w ith highly heterogeneous protein  fraction th a t one has to  do w ith 
here. Chemical com pound of T -fraction as well as some of its  p roper­
ties will be discussed a little  
later.
d a y s
F ig . 1. — O ntogenetic  changes in  p ro te in  fra c ­
tio n  n itrogen  c o n te n t o f  s tr ia te d  m uscle in  
ra b b it.  E  =  em bryos, N  =  new born  an im als
F ig . 2. — O ntogenetic  changes in  p ro te in  frac t ion 
n itro g en  co n te n t o f card iac  m uscle in ra b b it
A nd now, let me show you 
a few diagram s to  dem onstrate  
the dynam ics of ontogenetic 
changes occurring in protein 
fractional com position of ske­
letal and  cardiac muscles in 
rabb it (Figs 1, 2 and  3).
You can see th a t  th e  p ro ­
tein  fractional com position of 
th e  cardiac and  particu larly  
of th e  skeletal s tr ia ted  muscle 
undergoes considerable o n to ­
genetic changes; th e  increase 
in to ta l an d  pro tein  nitrogen 
being especially characteristic. 
This age increase in  tissue p ro ­
tein  con ten t is m ainly due to
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t he reduction  in percentual 
w ater con ten t which occurs 
in the  organism  of a develop­
ing anim al.
Thus, th e  curves of o n to ­
genetic changes in  p ro te in  con­
te n t in ind ividual fractions 
m ust differ in form  an d  inci­
dence depending on the  term s 
in which the  p ro tein  conten t 
is given: in milligrams of n i­
trogen per gram  of wet tissue, 
or in  percentages of to ta l (or 
protein) nitrogen. Most ch a r­
acteristic of the  skeletal m us­
cles in ra b b it is an increase in 
bo th  the  absolute and th e  re la­
tive (percentual) con ten t of 
myofibril proteins, which is ob ­
served a t definite stages of 
developm ent. This increase in 
th e  m ain occurs a t th e  expenditure of a m arked increase in the  am ount 
of actom yosin a t  the  tim e when fibres witli a rap id  te tan ic  contractile  re ­
sponse are being form ed in the  muscle tissue.
These results corroborate the  earlier observations of Ivanov  and  K asha - 
v ina (1948), and of H erm ann and  Nicholas (1948).
One should, however, rem em ber th a t  there  exist s tria ted  som atic muscles 
which reach functional m atu rity  as early  as a t th e  m om ent of b irth . To th is  
so rt of muscles belong e.g. the  muscles of m astication and  of suckling in 
m am m als as well as the  skeletal muscles of anim als, such as guinea pigs, 
which, in  th e  m om ent of th e ir b irth , are already  capable of independent life. 
The muscles o f these anim als are characterized, a t  th e  m om ent of b irth , 
by  contractions of th e  te tan ic  type; th e ir actom yosin con ten t does no t 
differ m uch from  th a t  of th e  muscles of ad u lt individuals.
The cardiac and sm ooth muscles, which are characterized by  th e  develop­
ing of th e ir contractile function as early  as in th e  em bryonal period, do not 
show any  m arked ontogenetic changes in th e  conten t of th e  exam ined 
fractions, th e  actom yosin-com plex proteins included. All th is gives evidence 
of a certain  correlation existing betw een th e  fractional com position of 
muscle proteins and th e  n a tu re  of functional ac tiv ity  of various types of 
muscle a t  corresponding stages of ontogenesis.
The T -fraction proteins in these types of muscle do not undergo any  con­
siderable ontogenetic changes. Therefore, th e  ra tio  actom yosin/fraction T 
m arkedly  increases in skeletal muscles and  does no t change in cardiac 
muscle in  ontogenesis.
The figures characterizing the fractional com position of skeletal and  ca r­
diac muscles in ad u lt rab b it are given in Table I. F or lack of tim e, I  shall not 
discuss th em  here, 'flic only rem ark  I  will m ake in passing is th a t  the  
pro tein  fractional com position o f th e  cardiac ven tricu lar muscle, bo th  bv 
our and  lite ra tu re  d a ta , essentially differs from  th a t  of the  auricu lar muscle,
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F ig . 3. O ntogenetic  changes in p ro te in  frac tion  
n itro g en  co n ten t o f skeletal and  card iac  m uscles 
from  to ta l n itrogen  o f  tissue  in ra b b it
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T A B L E  I
F ractional com position of protein in  the skeletal and cardiac (ven tricu lar) muscles 
o f a  m ature rabbit (determ ined after Ivanov  and co-workers 1959)
Total X of the tissue:
a) mg N/g of tissue ..................................
b) % X of fraction to to ta l X of tissue:
Protein X a) ...................
b )  ...............
Xon-protein X’ a) ...................
b) ...............
X of sarcoplasmic proteins a) .................
b) .................
X of myofibrillar proteins a) .................
b) ...............
Actomyosin X’ a) .................
X' of fraction T a)
b)
Stroma X a)
b)
Ratio AM/T ..............................
Skeletal muscle
Cardiac  musc le  
(ventr icl es)
3 2  - 3 4 - 5 2 5 - 0 2 7 - 0
2 8 - 3  - 3 0 - 2 2 3 2 4 - 9 9
8 8 8 9 8 9 - 8 9 0 - 5
4 2 - 2 1 - -  2 - 8 2
1 0 1 2 9 - 0 - 1 0 - 2
8 - 9 5  — 9 - 7 8 - 5 - 1 1 - 2 4
2 7 - 6  - 2 8 - 6 3 4 - 4 0 - 7
1 7 - 0  - 1 7 - 3 8 - 0 -  8 - 5
5 0 5 3 3 0 - 3 3
1 3 - 5 0-1
3 9 4 1 - 8 2 2 -1 2 3 - 9
3 - 6  - 3 - 8 2 - 3 2 - 5
1 1 1 1 1 - 3 8 - 3 9 - 4
2 - 8  - 3 - 4 8 5 - 3 0 5 - 5
8*6 1 0 - 1 1 9 - 5 - 2 3 - 0
3 - 5 / 1 - 3 - 8 / 1 2 - 6 / 1
where e.g. th e  con ten t of m yofibrillar proteins is considerably lower and the 
con ten t of strom a proteins is considerably higher th an  in the  le ft ventricle.
Now, some considerations about th e  m ethods used for th e  q u an tita tiv e  
determ ination  of muscle proteins. I t  should be stressed th a t, for m am ' 
reasons, none of th e  available m odifications of the  muscle protein  frac­
tionation  proves perfect.
Special difficulties arise in those cases where th e  m ethods of salt frac tio n a­
tion  are em ployed for the  q u an tita tiv e  determ ination  of proteins in th e  em ­
bryonal skeletal muscle (as well as in th e  sm ooth muscles of th e  viscera). 
The te rm  actom yosin m ay be associated th en  w ith  a fraction th a t  corre­
sponds, by  th e  w ay of its  forming, to  th e  actom yosin of a functionally  
m ature skeletal muscle, only in a conventional m anner; so, for instance the  
em bryonal actom yosin fraction  comprises a considerable am ount (after 
Robinson 1952), abou t 60 per cent, of nucleoproteins o f th e  cellular nuclei. 
These proteins are ex trac ted  from  th e  muscle brei, in  addition  to  actom yo­
sin, by  salt solutions of high ionic streng th , and  th ey  fall ou t w ith  ac to ­
myosin in th e  p rec ip ita te  upon dialysis or dilution of the  ex trac t. Hence, the  
m ethods devised for the  q u an tita tiv e  determ ination  of the  actom yosin-com - 
plex proteins in a functionally  m ature s tria ted  muscle tissue will natu ra lly  
])over,s ta te  the  actom yosin conten t in th e  em bryonal muscle tissue as well 
as in th e  sm ooth visceral muscles of ad u lt individuals.
The term  m yofibrillar proteins cannot be accepted w ithou t reserve 
either, as far as sm ooth muscles of verteb ra tes are concerned. As is well 
known, all longitudinal m yofilam ents of these muscles are actin . According
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to  P a n n e ra n d  H onig (1966), in sm ooth muscle cells ‘myosin exists as dim ers 
which connect and in terac t w ith two relatively  d is tan t filam ents’. H ow ­
ever, bv trea tin g  m inced sm ooth m uscular tissue w ith salt solution of higli 
ionic streng th , one m ay ex trac t some am ount of actom yosin associated in 
the  same way as in s tria ted  filam ents w ith globular proteins. B y analogy 
with skeletal muscles we term ed  th e  above proteins T -fraction proteins as 
well.
From  th e  m ethodological po in t of view, of g reat im portance is also the 
question w hether a water-soluble m odification of actom yosin m ay be found 
in sm ooth muscles (Needham  and  Schoenberg 1964, Schirm er 1965).
This problem  was recently  discussed in Mrs D orothy  N eedham ’s report 
published in the  Proceedings of Royal Society.
Allow me to  rem ind you of th e  fact th a t, according to  the  au thors referred 
to , m incing sm ooth muscles by grinding w ith  quartz  sand in salt solution 
of low ionic strength  (0 -05  m NaCl) m ay result in getting  a special w ater- 
soluble varie ty  of actom yosin, L aszt and  H am oir’s tonoactom vosin, 
which little  by little  or rap id ly  (if crystalline NaCl is added) tu rn s  into 
ord inary  water-insoluble actom yosin. At the  same tim e, a fte r Jean  H anson 
and  co-workers (1957), it can be believed th a t  tonoactom vosin solutions are 
suspensions of fragm ented actin  and  myosin filam ents, which are released 
when th e  muscle is homogenized.
We, in our tu rn , are inclined to  assum e th a t  tonoactcm yosin does not 
exist in th e  capacity  of individual protein.
In  our laboratory , Dr G. F. D egtyareva has dem onstra ted  th a t  th e  w ater- 
soluble v arie ty  of actom yosin m ay be ex trac ted  from  sm ooth stom ach 
muscle of rab b it no t only by  grinding a tissue sam ple in salt solutions of low 
ionic s treng th  bu t also by  trea tin g  th in  slices of stom ach tissue by  th e  same 
solution. The ex tracts  obtained in th is way, in accordance w ith lite ra tu re  
sources, gradually  gelatinate, when stored.
However, i t  is in teresting  to  no te th a t  if th e  ex trac t of w ater-soluble 
actom yosin obtained  is im m ediate, while its viscosity is still low, u ltracen tri- 
fugated  w ith  an  acceleration of 106 000, a th ick  viscous layer will be found in 
th e  bo ttom  of the  te s t tube; electron-m icroscopic exam ination will readily 
reveal there  some stru c tu res th a t  bear a strong resem blance to  th e  frag ­
m ented F -actin  filam ents. No pro tein  of tonoactom vosin properties rem ains 
th en  in the  su p ern a tan t fluid.
All th is  allows of assum ing th a t, in fact, by  trea tin g  a homogenized smooth 
muscle tissue w ith salt solutions of low ionic streng th , we obtain  a suspension 
of fragm ented contractile  pro tein  filam ents or a m ix ture of actin  and  myosin 
as dim ers; th ey  pass into solution together w ith w ater-soluble sarcoplasm 
proteins. W hen stored such solutions gradually  convert into ord inary  ac to ­
myosin viscous colloidal gel.
W hatever th e  u ltim ate  decision abou t th e  existence of a w ater-soluble 
varie ty  m ight be, th e  facts established by Laszt and  H am oir, and by 
D. N eedham  and  co-workers, th e  facts th a t  prove th a t a p a r t  of actom yosin 
m ay pass in to  solution together w ith sarcoplasm ic proteins ex trac ted  from 
sm ooth m uscular tissue samples, appear to  be of g reat im portance.
I t  is tru e  th a t  th e  am ount of actom yosin passing in th is way into solution 
depends on th e  ionic streng th , pH , and salt com position of the  solution and 
therefore we are able to  minimize it by varying these conditions.
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F i g . 4 .—Electrophoregram  and densitogram  o f m yocardium  T-fraction proteins in  dog
B ut all th e  same, for an exact qu an tita tiv e  determ ination  of protein 
fractional com position in  sm ooth muscle one should foresee a chance of some 
actom yosin having p en e tra ted  in to  th e  sarcoplasm ic pro tein  fraction, and 
accordingly, in troduce necessary corrections in to  the  u ltim ate  calculations. 
This fact, which had never been considered before, m ay be responsible, as 
well as o ther causes, for a ra th e r considerable discrepancy in figures referred 
to  by  different au tho rs to  characterize th e  protein  fractional com position of 
sm ooth muscles (the conten t of sarcoplasm ic pro teins and of actom yosin).
These last years the  a tten tio n  of m any investigators has been draw n to 
m yofibrillar proteins soluble in salt m edia of low ionic streng th . These 
pro teins were given different nam es by different authors. Since th e  po in t in 
question is a highly heterogeneous system  and n o t th e  individual protein, 
we have term ed  these proteins as fraction T, as has already been said above.
I t  is very  likely th a t  th e  free space between separate  myosin and actin  
protofibrils of skeletal muscles easily observed on electron m icrographs, is 
filled w ith a m otile sol form ed just by  these proteins. Thus, th e  T -fraction 
proteins seem to  secure in a sense th e  constancy o f the  in terior milieu of 
myofibrils. According to  our d a ta  published betw een 1959 and  1962, th a t  
fraction  contains abou t 40 and 50 per cent extrem ely  labile proteins, which 
are very near to  the  sarcoplasm ic X-globulins of W eber; it also contains 
tropom yosin and  o ther no t y e t identified proteins. We have investigated  
the  proteins of T -fraction by  fractional salting ou t m ethod, electrophoresis 
in agar gel, enzym e electrophoresis, u ltracen trifugation , flow birefringence 
and  by tracer isotope m ethod. A p a r t  of these d a ta  have been lately  
published in Russian.
F irs t of all i t  should be noticed th a t  th e  T -fraction proteins, a t least the  
bulk  of them , do no t d isplay  flow birefringence and, thus, th ey  appear to  
be globular proteins. U sing th e  m ethod o f am m onium  sulphate salting out, 
a fte r Derien, u ltracen trifugation  and  electrophoresis in agar gel, a strongly 
pronounced heterogenicity  of T -fraction proteins was dem onstrated . A great 
p a r t of them  had  a  small m olecular weight and did n o t p recip ita te  during 
the  160 m inutes of p repara tive  u ltracen trifugation  w ith  56 100 revolutions 
per m inute.
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Now, I  should like to 
show you an electrophore­
gram  in agar gel and  a den- 
sitogram  of T -fraction p ro ­
teins ex trac ted  from  the  
m yocardium  of dog (Fig. 4).
I t  is evident from  th is 
electrophoregram  th a t  the  
T -fraction proteins prove 
to  be indeed a heteroge­
neous system  which usually 
consists of IV -V I com po­
nents. I a and  I b subfractions 
are so alike w ith regard  to  
their electrophoretic m otil­
ity  th a t  in some cases it  is 
difficult to  distinguish one 
from  th e  other. One of them  
seems to  be tropom yosin 
(Fig. 5).
P eak  I I  (Fig. 4) contains 
a g reat am ount of protein.
This pro tein  (or proteins) 
readily  undergoes spon­
taneous den a tu ra tio n  when 
concentrated . In  th is respect 
it resem bles W eber’s sarcoplasm ic X-globulins. Much less protein  falls 
to  the  share of the  cathode com ponents (III , IV  and V). The na tu re  
o f these proteins has no t yet been identified.
In  one of our experim ents, carried out together w ith D r M arkelov, the  
percentual conten t of proteins in various com ponents o f fraction  T ex tracted  
from  th e  m yocardium  of dog was on th e  electrophoregram  as follows 
(Table II).
The com position of fraction T ex trac ted  from  skeletal and sm ooth muscles 
o f rab b it is ra th e r sim ilar to  th a t  of fraction T ex tracted  from  m yocardium . 
However, th e  percentual d istribu tion  of pro tein  in individual subfractions 
varies a little  or even ra th e r significantly.
In  a parallel electrophoretic fractionation  of sarcoplasm ic proteins and  In­
fraction proteins (Fig. 6) one can see well th a t  the  proteinogram  of fraction 
T m arkedly differs from  th a t  of sarcoplasm.
Thus, we m ust re ject th e  suggestion th a t  fraction T consists o f sarco­
plasmic proteins which have resisted isolation in trea tin g  the  m uscular 
hom ogenate w ith a salt solution of low ionic strength .
The conclusion th a t  the  com position and properties of T -fraction pro­
teins are n o t identical w ith  those of sarcoplasm  is corroborated  by th e  d a ta  
ob tained  in  studying enzymic ac tiv ity  and  isoenzym ic spectres of sarco­
plasm ic and  m yofibrillar proteins soluble in  salt m edia of low ionic strength .
In  our laboratory , D r N. F. K orovkin, I. M. M arkelov and  N. P . M ikha- 
leva have revealed cholinesterase, lac ta te  dehydrogenase, aldolase, am ino­
transferases (alanine and  aspartic-am ino-transferases), glucose-phosphat-
I I
F ig . 5 .—Eleetrophoregrams o f  tropom yosin sam- 
ple(T) and o f  myocardium  T-fraction proteins (II) 
in dog
X A B L E  II
Percentual d istribution  o f protein in  ind iv idua l sub- 
fractions o f m yocardium  T -fraction  in  doty
l +  I b 1L I I I IV V
7 ’5 4 2 * 2 1 5 * 4 3 - 9 1 - 0
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K i g . (). TCleetrophoregrams o f T-fraetion (J) and sarcoplasmic proteins (II) o f
m yocardium in dog
isomerase and some o ther enyzmes to  be present both  in sarcoplasm ic and 
T-fraction proteins. However, th e ir ac tiv ity  estim ated in milligrams of p ro ­
tein  proved to  be quite different.
Specific enzymic ac tiv ity  of sarcoplasm ic proteins was considerably higher. 
Thus, i t  is evident th a t  m ost of th e  enzymes which appear in th e  blood 
plasm , e.g. in m vocardiac infraction, are to  be considered, in accordance 
w ith known data , enzymes of sarcoplasm ic and  not of m yofibrillar 
origin.
Moreover, i t  was proved th a t the  isoenzymic spectres of fraction l 1 p ro ­
teins and of sarcoplasm  ai’e different, too. As an  exam ple, allow me to  dem on­
s tra te  the  d istribu tion  of lac ta te  dehydrogenase in the  enzym- electrophore- 
gram  of sarcoplasm ic and T-fraction proteins in  skeletal muscles (Fig. 7).
The m aterials p resen ted  leave no doub t th a t  m yofibrillar proteins soluble 
in salt m edia of low ionic streng th  considerably differ in their properties and 
com position from proteins o f muscle fibre sarcoplasm.
Since the  proteins o f fraction T cannot be ex trac ted  from  m uscular brei 
by w ater or salt solutions of low ionic streng th , though  th ey  are readily 
soluble proteins, a suggestion arises of th e ir being closely associated with 
myosin and  actin  filaments. These proteins are very likely to  form complexes 
which m ay be term ed  native contractile proteins.
As has already been said, th e  peculiar features of sm ooth muscle contractile 
ac tiv ity , in particu la r th e  capacity  for indefatigable counteraction to  d is­
tension, m ay only depend on th e  fact th a t  contractile  proteins form  com ­
plexes w ith  suitable com ponents of T -fraction which m ay be tropom yosin.
A fu rth e r detailed  stu d y  of individual com ponents of T -fraction proteins 
seems to  be especially interesting, as th is fraction contains globular proteins, 
liable to  a rap id  tu rnover.
These d a ta  were ob tained  in studying skeletal muscles of 6-day and  18-dav- 
old rabb its  as well as the  sm ooth muscle of p regnan t uterus. I t  should be 
recalled th a t  th e  incorporation in tensity  o f radioactive am ino acids, both  
in to ta l muscle protein and  in individual protein fractions, in em bryos and 
new born anim als is several tim es higher th an  in ad u lt individuals. This fact 
is certain ly  due to  an intensive synthesis of m uscular proteins a t early stages 
of ontogenesis. In  anim als th a t  have reached full grow th, the  am ino acid
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tracer incorporation in muscle 
proteins, on the  o ther hand, 
proves to  be re la tively  low.
Lack o f tim e prevents me from 
giving detailed  description, so I  
would like to  sum up  in short 
th e  m ost im p o rtan t conclusions 
we arrived  at.
In  experim ents on 18-davold 
rabb its, th e  most intensive r a ­
dioactive glycine incorporation,
6 hours upon injecting labelled 
am ino acid (20 /iCi on 100 g 
weight), was observed in p ro ­
teins of fraction T, proteins of 
sarcoplasm  and  proteins of 
actom yosin complex. The rad ioac tiv ity  of strom a was n o t high. In  one of 
th e  experim ents th e  ra tio  of various fraction activ ities expressed in impulse 
per m inute was as follows: 685(T) : 559(Sr) : 553(AM) : 104(Str).
A lthough a  single determ ination  of th e  various protein fractions’ ac tiv ity  
perform ed always 6 hours upon radioactive glycine injection, can hard ly  - 
give a good idea of th e  dynam ics of synthesis and  tu rnover in some or o ther 
protein structu res in a living organism, the above d a ta  are still of in terest;
F ig . 7 .— Enzyineleetrophoregram s o f lactate  
dehydrogenase o f  T-fraction (I) and sarco­
plasmic proteins (TT) o f skeletal muscle in rat
m yos/n  com ponent
cathode
F i g . 8. — D ensitogram  o f T-fraction proteins in skeletal 
m uscles and distribution o f  "C-glyeine activ ity . The latter  
shown by  colum ns and calculated per 1 m g o f  subfrac­
tion protein
* Symp. Biol. Hung. 8. 97
th ey  show th a t  fraction  T, or a t least some of its p ro tein  com ponents, belong 
to  m etabolicallv active muscle proteins.
In  our subsequent work carried out together w ith D r J .  J . K eerig we have 
concentrated  our a tten tio n  upon studying th e  incorporation of labelled amino- 
acid in  ind ividual p rotein  com ponents of T -fraction in to  skeletal muscle. In 
th a t  series of experim ents, th e  fraction  T was isolated  from  18-day-old rab b it 
skeletal muscle, concentrated  and  th en  exposed to  electrophoresis on agar 
gel. The rad ioac tiv ity  of individual p ro tein  subfractions was assessed d irec t­
ly on a dried  agar p late . The ac tiv ity  was expressed by th e  num ber o f decays 
in m inute per 1 mg o f d ry  protein. R adioactive glycine was found to  a p ­
pear especially fast in th e  subfraction of labile globulins of fraction  T 
(Fig. 8).
A m arked  incorporation in  th a t  subtraction was already  noticed 30 m i­
nu tes a fte r th e  beginning o f th e  experim ent. O ther com ponents of fraction  T, 
particu la rly  tropom yosin, did  n o t show any  noticeable rad ioac tiv ity  a t th a t  
period of tim e (30 min). In  th e  tropom yosin area of th e  electrophoregram  
rad io ac tiv ity  m anifested itse lf afterw ards and  during our experim ents its 
m axim um  value did no t reach th a t  of th e  T -fraction globulin com ponent.
The same p ictu re is seen in th e  d istribu tion  of ac tiv ity  betw een m yo­
m etrium  pro tein  fractions o f rab b it in  th e  first h a lf o f pregnancy.
Thus, th e  labile globulins of fraction T as well as W eber’s X-globulins do 
belong to  th e  fast synthesizing ones and  undergo fast tu rnover. Hence it 
seems quite possible th a t  th ey  play  the  role of some sort of depot to  store 
am ino acids for a pressing synthesis of the  actom yosin-com plex proteins at 
certain  stages of ontogenesis or, possibly, when an intensive tra in ing  of 
muscles provokes an  increase in th e ir mass.
I  do n o t certain ly  consider th is  s ta tem en t proved  b u t it seems to  be 
quite possible. In  any case we do no t agree w ith  Meierson (1963) th a t  th is  
function can be a ttr ib u te d  to  tropom yosin.
The d a ta  ob ta ined  induce us to  tu rn  our a tten tio n  to  a problem  which is 
still under discussion. As is well known, th e  investigations of Hogness, Cohn 
and  Monod (1955), R o tm an  and  Spigelman (1954), carried ou t on rapidly  
propagating  bacterial cells, have shown th a t, in spite of th e  well-known 
conception of Schoenheimer, the  bacterial proteins do no t appear to  be, 
practically , in th e  s ta te  of dynam ic balance w ith th e  am ino acids of the  
environm ent. This has m ade for th e  belief th a t  the  tu rnover of protein 
s tru c tu res  in th e  m ulticellular organism , which was observed in experim ents 
using th e  isotope m ethod, is only a reflection of th e  perm anen t dying off and 
new form ation of various cellular elem ents whose destruction  is followed by 
a release of am ino acids and  th e ir subsequent contribution to  th e  am ino acid 
pool of th e  organism . B y th is  conception, the  assum ption th a t  th e  cy to ­
plasm ic proteins can be m ade use of, w ithout destruction  of the cells, as a 
source to  supply am ino acids to  o ther tissues and  organs is disproved.
There exist, however, a few facts showing th a t  th e  idea of utilizing, in the 
organism  o f anim als, the  proteins of living cells as suppliers of am ino acids 
for th e  purpose of endogenic protein  n u tritio n  is n o t impossible. I t  should not 
be forgetten  th a t  th e  m arked developm ent of the  mass of skeletal muscles 
when trained , and  th e  decrease in their volume and  weight because of forc­
ed inactiv ity , is no t associated, as th e  m orphologists know, w ith changes oc­
curring in th e  num ber o f m uscular fibres. I t  is a real increase or decrease in
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th e  proportions and mass of every s tria ted  muscle fibre th a t  we have to 
do w ith here.
Thus, as far as the  s tria ted  muscle tissue of anim als is concerned, there 
are no reasons to  re ject th e  idea of a  possible utilizing by an organism  one ty p e  
of proteins to  synthesize others, particu lar to  a given tissue.
Investigations in  th a t  direction are going on in our laboratory .
My tim e is up.
Some d a ta  and considerations on the  ontogenetic changes occurring in  the  
form and  proportions in th e  contractile  protein particles have been given 
in the  theses of m y report. A dditional m ateria l will be presented by  my 
pupil and  fr ien d —D r G. P. P inaev.
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(1 E N  E It A E D I S C U S S I O N
H anson (K ing’s College, U niversity  of London): V ertebra te  skeletal 
muscle, sectioned and  exam ined in th e  electron microscope, shows an axial 
periodicity  of about 400 A th a t has been known for m any years. R ecently , 
tw o periodicities have been distinguished in such sections, one associated 
w ith th e  actin  filam ents (Carlsen et al. 1961), the  o ther w ith  th e  myosin 
filam ents (Huxley 1964). I t  is the  one associated w ith th e  actin  filam ents 
th a t  I  w ant to  discuss now. For various reasons it  seems unlikely th a t  it 
could be due to  the  helical form of th e  actin  filam ents (Hanson and Lowy 
1964). I  do not in tend  to  rep ea t th e  argum ents now b u t to  presen t some 
new evidence th a t is emerging from  curren t studies of F -ac tin  prepared 
from rab b it skeletal muscle.
W hen one takes a solution of F-actin  and  raises the  concentration of 
M g++ or of C a++ to  abou t 0-1 M, the  protein precip ita tes (B árány et al. 
1954). I  have exam ined the  s tru c tu re  of these precipitates; th ey  are visible 
in the  light microscope. Before showing you the  electron m icrographs I  
should rem ind you of the  s tru c tu re  of a single F -actin  filam ent (Fig. 9); 
th is can be represented by a model consisting of two stran d s of globular 
molecules tw isted  round one another, with the  cross-over positions o f the  
two strands spaced a t  regular in tervals (Hanson and  Lowy 1963).
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F ig . 9. — Electron micrograph o f  F-actin negatively stained with nranyl acetate.
Single filaments
Fig . 10. — Aetin prepared by  Straub’s method and purified (cf. Fig. 11). Aggregates
formed by 0-07 m MgCU
The aggregates form ed a t high Mg++ concentration are flat s tructu res 
in which th e  actin  filam ents lie side by side, often w ith the  cross-over 
positions in transverse alinem ent (Fig. 10). The actin  used for Fig. 10 was 
m ade by  th e  S traub  m ethod, and kep t a t 0° C during ex traction  from the 
acetone-dried residue; it was purified by two cycles of depolvm erisation 
and  repolym erisation. The same actin  prepara tion  was used for th e  sec­
tion  shown in Fig. 11. The p recip ita ted  protein was centrifuged, fixed in 1 
per cent O s0 4 (buffered w ith  veronal aceta te  a t  pH  7-0), dehydra ted  in 
ethanol, sta ined  w ith  phosphotungstic acid and im bedded in A raldite. No 
details of th e  s tru c tu re  o f th e  actin  filam ents are visible in sections of this 
m aterial. In  particu lar, there  is no sign of the  helical form of the  filam ents 
(cf. Fig. 10).
F igure 12 shows a  section from  a different block prepared  in  exactly 
the  same way as th e  last one (Fig. 11), except th a t  the  actin  was p rep a r­
ed differently. Now all th e  aggregates show a conspicuous cross-striation. 
M easurem ents o f th is  periodicity  are highly variable, presum ably because 
th e  random ly oriented aggregates undergo different am ounts of com pres­
sion during sectioning. But fo rtu n a te ly  m icrotom e knives can have flaws: 
m easuring aggregates orien ted  w ith th e  long axis a t righ t angles to  knife 
m arks in th e  section, one obtains m uch less variable values for the  spacing 
o f the  stria tion . In  glutaraldehyde-fixed m aterial th e  spacing measures 
abou t 410 A, w hilst in m ateria l fixed in O s0 4th e  value is abou t 370 A. These 
results are sim ilar to  those of Page and  H uxley (1963) for th e  periodicity  
associated with the  actin  filam ents in sections of in tac t muscle fixed in 
g lu taraldehyde or in ( ) s0 4.
The actin  which form ed th e  s tria ted  aggregates shown in Fig. 12 was 
made by  the  potassium  iodide m ethod of Á. G. Szent-Györgvi (1951) and
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F ig . ]1. — Section through aggregates o f  purified Straub
act in
was n o t purified. F igure 13 shows the  same unpurified actin  p repared  
by a negative con trast m ethod. I t  is no t easy to  see the  helical s tru c­
tu re  of the  individual actin  filam ents or to  see how th e  helices are alin ­
ed; perhaps th is is due to  th e  presence of o ther m aterial th a t  obscures 
th e  fine structu re . The lateral alinem ent o f th e  actin  helices does not 
appear to  be worse in th e  purified S traub  actin  (Fig. 10) th an  in th e  
im pure K I  actin  (Fig. 13), yet th e  purified m aterial does n o t show stri- 
ations in sections, whereas th e  im pure m ateria l does.
In  sum m ary, aggregates of synthetic  actin  filam ents form ed by  raising th e  
Mg + + ion concentration can show, in sections, a conspicuous axial periodic­
ity  th a t  resem bles th e  periodicity  associated w ith  n a tu ra l ac tin  filam ents in 
sections of in tac t v erteb ra te  skeletal muscle. This stria tion  is found in prep­
arations of unpurified K I  actin , b u t it is no t found in prepara tions of 
purified S traub  actin. E xam ination  o f negatively-stained aggregates indicates 
th a t  th e  stria tion  is n o t due to  the  helical s tru c tu re  of the  actin  filaments 
them selves. These resu lts suggest th a t  the  periodicity  seen in the  in tac t
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F i g . 12. — Section through aggregates o f unpurified KI actin
muscle is most likely due to  o ther m aterial associated w ith th e  actin  fila­
m ents.
Possibly th is  o ther m aterial is tropom yosin B (see H anson and  Lowy 
1963, 1964). Cohen and Longley (1966) have found th a t tropom yosin p re ­
cip itates as cross-striated tacto ids in 0-1 M  Mg + + or C a++ . In  negatively 
stained  preparations th ey  found th a t  th e  periodicity  m easured abou t 400 A.
F ig . 13. — A ctin prepared b y  K I  m ethod and not purified (cf. Fig. 12). Aggregates
formed by 0-07 m MgCL
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G er g ely : Do you have inform ation concerning th e  effect of th e  extraction  
tem p era tu re  on th e  appearance o f striations in  th e  sectioned ac tin  aggre­
gates ?
H anson : The S traub  actin  was ex tracted  a t 0° C, the  K I  actin  a t  abou t 
4° C.
D ra b ik o w sk i: D r H anson, have you checked th e  microscopic p icture of 
crude actin  ex trac ted  both  a t  room  tem peratu re  and 0°C? In  our earlier 
work w ith D r Gergely it was observed th a t  purified actin  ob tained  from  
w ater ex trac t from  acetone-dried muscle powder ex trac ted  a t  0° C did  no t 
contain tropom yosin; on th e  o ther hand, if  ex traction  was perform ed a t  room 
tem peratu re  tropom yosin could be dem onstrated . Our recent determ ina­
tions have showed, however, th a t  the  tropom yosin conten t in crude actin  
preparations, i.e. in  th e  w ater ex tracts  from  acetone-dried muscle powder, 
does no t differ substan tially  depending on th e  tem p era tu re  of extraction. 
Crude actin  preparations ex trac ted  a t  room  tem peratu re  contain on th e  av e r­
age 25 per cent of tropom yosin and, when ex trac ted  a t 0° C, abou t 20 per 
cent of th e  la tte r  protein. R oom -tem perature ex trac ted  actin  a f te r  one poly­
m erization and  depolym erization cycle still contains abou t 15 per cent of 
tropom yosin, whereas in th e  case of 0° C -extracted actin  m ost of th e  tro p o ­
myosin rem ains in th e  su p ern a tan t during centrifugation of F -actin  in 
Spinco, so th a t  the  ob tained  purified actin  contains, in  agreem ent w ith our 
previous results, only 2-4 per cent of tropom yosin. The reason for th is 
difference is n o t clear a t  present. One m ay assum e th a t tem peratu re  does 
n o t influence th e  ex traction  of tropom yosin and  only some unknow n factor, 
being ex trac ted  a t room  tem peratu re, is necessary for th e  actin-tropom vosin 
in teraction.
Perhaps th e  com parative exam ination under the  electron microscope of 
F-actins ob tained  from  crude and purified actin , ex tracted  a t either tem p era­
tures, will help to  elucidate both the  results m entioned above, and  the  
observation of Dr Hanson concerning the  differences between S traub-actin  
and  K I-actin .
H anson : 1 have looked a t  sectioned aggregates of S traub  actin , ex tracted  
either a t  0°C  or a t  room tem peratu re, bu t in neither case purified. I  have 
not yet studied enough preparations to  be certain  about the  results.
Maruyam a: I  should like to  m ake a brief supplem ent to  D r E bashi’s 
presen tation  on the  new stru c tu ra l p rotein  of s tria ted  muscle.
/3-actinin, actin-dispersing factor, ac ts on F-actin so as to  inh ib it the  n e t­
work form ation and to  regulate the  particle length of polym erizing F -actin  
(M aruyam a 1965a, 1965b, 1966).
103
R ecently , an electron-m icroscopic s tudy  on the  action of /i-aetinin has 
been perform ed in collaboration w ith Drs N onom ura and  Otsuki in Dr 
E bashi’s laboratory . U sual F -ac tin  of S traub  ty p e  showed very long particle 
length, more th an  3 p. W hen polym erized in  the  presence of a suitable 
am ount of /i-actinin, F -actin  partic les o f 0-5-1-2 p  in partic le  length  were 
observed under electron microscope. Much shorter F -actin  partic les of 
0-2-0-3 p were obtained, e ither when G -actin was polym erized or when 
preform ed F-actin  was sonicated in th e  presence of a large am ount of 
/9-actinin (one half of ac tin  in weight). A detailed s tudy  along th is  line is in 
progress.
As repo rted  before (cf. D r E b ash i’s presentation) actin  and x- and  ß- 
actin in  have very sim ilar am ino acid composition. These th ree proteins were 
denatu red  by hea t and  trea ted  by trypsin . The resu ltan t peptide products 
were com pared by paper chrom atography. Peptide m aps of these proteins 
were shown to be very  sim ilar to  each other. This work has been carried out 
by Dr H. H am a in our laboratory . D r M asaki in D r E bashi’s laborato ry  has 
recently  shown th a t  these th ree  proteins are distinguishable by im m uno­
logical tests. I t  is very  probable th a t  actin  and bo th  actinins are very  sim ilar 
proteins whose functional sites are different.
We have repo rted  th a t  F -ac tin  can be isolated from myofibrils w ithout 
depolym erization process (H am a et al. 1965). I t  was shown th a t th is ‘natu ra l 
F -ac tin ’ contains bo th  a- and  /i-actinin. x-actinin could be rem oved by- 
repeating sedim entation and  washing of n a tu ra l F -actin , whereas /S-actinin 
was no t washed out. The action o f trypsin  to  digest actinin bound to  
na tu ra l F -actin  was no t so rem arkable as in the  case of K I-ex trac ted  F- 
actin. /i-actinin bound to  S traub  F -actin  was easily freed off by washing or 
bv trypsin  trea tm en t.
We strongly feel th a t  th e  understand ing  of s tru c tu re  and function of the 
th in  or I-filam ents of myofibrils requires th e  elucidation of mechanism  of 
th e  action of x- and  /?-actinins on S traub  ty p e  of actin.
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G u b a : A s I  m entioned yesterday, a fte r rem oval of th e  known structu ra l 
proteins (i.e. myosin, tropom yosin, actin) one can see a  continuous filam en­
ta ry  system  in myofibril left behind. We have tried  to  isolate th e  m aterial 
of these filaments. Our s ta rtin g  m aterial, to  avoid contam ination from  other 
cell elem ents as far as possible, was isolated and thoroughly  washed m yo­
fibrils. Care was tak en  to  avoid denatu ration  of proteins during th e ir ex ­
trac tion . The residue a fte r rem oval of tire proteins m entioned previously was 
washed w ith 5 vol of a solution of 0-1 M KC1 (pH  4-5). A fter centrifugation 
from  th e  sedim ent a homogeneous pro tein  was ex trac ted  and  characterized 
as has already been described (Guba 1965).
The am ino acid com position of the  protein calculated for a g mol/105 g p ro ­
tein  was as follows: Cvs/2 1. Asp 81 ,T hr 61, Ser 53, Glu 86, P ro  51. Gly 82,
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Ala 67, Val 50, Met 38, lieu  54, Leu (50, T yr 34, Phe 40, His 19, Lys 51, 
Arg 54, T ry  10, Sarcosine 4. T otal: 900. Polar groups: 440.
The exact p roo f of th e  presence of sarcosine (i.e. it is no t a consequence 
of a decom position) requires fu rth e r investigations. The apolar character 
of fibrillin seems to  be expressed. The pro tein  has a sedim entation constan t
£°0 =  4-60( ±0-08)8
The diffusion constan t is
0%  =  4-3(5( ±0-08) 10 -7 em-/sec
In trin sic  viscosity is
lim i^spec _ n.nr
C— (I — " '  - '
c
D uring slow precipitation the  protein  forms well-ordered aggregates as 
revealed bv electron microscopy.
The ex trac ted  protein does not show any enzym atic function and  there  is 
no experim ental evidence for any  in teraction  between the  fibrillin and the 
o ther pro teins of myofibril. Thus its  role in th e  function of s tria ted  muscle 
is probably  a s tru c tu ra l one.
N evertheless, it  seems m ost probably  th a t  th e  isolated protein, because 
o f the  isolation m ethod, differs from the  native one. To clear up th is problem  
experim ental work is under way.
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H a n s o n : D r Guba, how do you ex trac t fibrillin? Could the  ex trac ts  be 
con tam inated  w ith m aterial from  th e  Z-lines ?
G u b a : We th in k  th a t, owing to  the excessive purification of our starting  
m aterial, th ere  cannot be much of th e  Z-substance in fibrillin.
K o m i n z  (N ational In s titu te s  o f H ealth  Pacific Office, U nited  S tates 
Em bassy, Tokyo): I  should like to  ta lk  abou t phase-changes re la ted  to  
ATPase ac tiv ity , th e  in teraction  of C a++ and native  tropom yosin with 
myosin, and  some relationships between swelling and phase-changes in 
muscle proteins.
Figure 14 illustrates the  effect of m ercurial titra tio n  on the  C a++- 
ac tiv a ted  ATPase of myosin (Kominz 19(55). I f  ATP or pyrophosphate 
is added  prior to  m ercurial, the  loss of ATPase ac tiv ity  is prevented . U ltra ­
centrifugation experim ents showed th a t  the  protective action of ATP 
is through the  j>revention of transform ation  of the  slow sharp  myosin peak 
into faster-sedim enting forms (Kominz 1965).
A t low ionic strength , prior to  th e  addition  of mercurial, ATP has the  
opposite effect on th e  m ercurial inhibition o f the  Mg + +-activated  ATPase 
of actom yosin (Kominz 1966). H ere we see th a t  the  addition of m ercurial 
in the  presence of ATP causes a g reater loss o f ATPase ac tiv ity  th a n  the  
addition of m ercurial in its absence (Fig. 15). I t  is proposed th a t  ATP 
bound a t  a site o ther th an  the  active center affects th e  m ercurial-induced 
configurational change—interacting  repulsively with a negative group a t
i1
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F ig . 14.—E ffect o f  m ethylm ercuric hydroxide 
on Ca+ +-activated ATPase a c tiv ity  in the pre­
sence or absence o f  ATP or pyrophosphate. 
A ssays performed by  pH -stat a t pH. 7 0 and 
20° C, on system  containing 0-25 M KC1, 5 tom  
C a ++ and 2 tom  A TP. Symbols: o m yosin, x  
m yosin treated first w ith pyrophosphate; solid 
line =  m ethylm ercuric hydroxide added in 
the absence o f ATP; dashed line=m ethylm er- 
curic hydroxide added in the presence o f  ATP
F ig . 15. — ATP-m odified effect 
o f m ethylm ercuric hydroxide on 
Mg + +-activated ATPase at 0-017 
ionic strength. Symbols: solid lin e =  
m ethylm ercuric hydroxide added 
in the absence o f ATP; dashed  
line =  m ethylm ercuric hydroxide 
added in the presence o f  ATT’ .
Synthetic actom yosin
low ionic s tren g th  and  a ttrac tiv e ly  a fte r th a t  cation-binding rem oves th e  
negative charge.
I f  one exam ines th e  M g+ +-activated  ATPase of m ercurial-titrated  ac to ­
myosin in th e  presence of native tropom yosin (Fig. 16), one finds th a t 
th e  inhib itory  effect of native  tropom yosin is more sensitive to  m ercurial 
th a n  is the  ÄTPase activ ity .
In teraction  w ith native  tropom yosin has been stud ied  by  M aruvam a, 
Ishikaw a and E bashi (M aruvam a e t al. 1964). They have found a broad  zone 
of ionic streng th  in dependence on th e  inhibitory action of native  tro p o ­
myosin, which is narrow ed m arkedly on trypsin  digestion o f th e  myosin. 
I  have found (Kominz 1966) th a t  in th e  region of sensitiv ity  to  native  tro p o ­
myosin, there is a dependence of th is sensitiv ity  upon th e  concentration of 
native  tropom yosin which strongly suggests a binding process (Fig. 17). 
To dem onstrate  w hether th is  binding is to  myosin or to  actin , experim ents 
u tilizing radioiodine-labelled n a tiv e  tropom yosin were perform ed (Kominz 
and M aruvam a, in press). I t  was clearly seen th a t binding took  piaci' only 
to  actom yosin (Fig. 18) or to  actin  (Fig. 19). Therefore, th e  in teraction  of th e  
myosin center reflected by th e  Ca-sensitivitv m ust occur either w ith native  
tropom yosin bound to  actin  or w ith a p a r t of th e  actin  molecule m ade 
reactive owing to  this binding of native tropom yosin.
I oi;
F ig . Ifi. — Effect o f  methylm ercuric 
hydroxide titration on Mg + '•'-acti­
vated ATPase o f m yosin at 0-013 
ionic strength in  the presence o f  na­
tive  TM. Symbols: •  actin -f- m yo­
sin 4- native TM, o sam e : EGTA, 
x  ATPase ( +  EGTA)/ATPase (un­
treated) ; left ordinate for •  and 
o, right ordinate for x
1
m g  1251 - n a t iv e  T M  a d d e d
F ig . 18. —B inding o f l25I-labelled na­
tive  TM to  actom yosin  and m yosin. 
Symbols: o original m yosin solution, 
A m yosin precipitate, •  original ac- 
tom yosin  solution, a actom yosin  pre­
cipitate
F ig . 17. — The reciprocal o f  the inhibition  
o f the M g+ + -activated ATPase plotted  
against the reciprocal o f the native TM 
concentration
1
Fig . 19. — Binding o f 125T-labelled native  
TM to  actin. Symbols: o mg native TM 
bound to 8 m g F-aetin  pellet, •  m g native  
TM left in supernatant solution
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muni
Fig . 20. — Comparison o f  the swelling 
properties o f a block m ade from alternate 
layers of cross-linked polyvinyl aleohol 
and polyacrylic acid w ith  the postulated  
swelling properties o f a sarcomere o f  
striated m uscle. Left: black foils are 
polyvinyl alcohol; w hite foils are poly- 
acrylic acid. Right: black rods are rigid 
a-helical LMM portions o f m yosin; w hite  
space between the rods contains am or­
phous HMM portions o f m yosin. A  state  
o f reduced swelling, H sta te  o f  increased 
swelling
Although I  have proposed th a t 
the  swelling of myosin could be re ­
lated  to  the  phase-transition  involv­
ed in muscle contraction (Kominz 
1965),! have been able to  produce 
evidence for such a C a+ + -triggered reversible swelling only in one case. 
This is concluded on the  ground of changes in u ltracentrifuge p a tte rn s  of 
heavy m eromyosin resulting from certain  papain  digestion procedures 
(Kominz e t al. 1965). We have found th a t  in the  presence of low levels of 
pyrophosphate, th e  addition  of 10-5 to  10 -4 m Ca + + can cause a slowing 
o f a p a r t  of th e  peak, in terp re tab le  as a swelling of 10 to  30 per cent. 
R em oval of C a++ by EGTA causes a reversal of the process, and  M g+ + 
cannot replace C a++ in producing th e  swelling.
Polyacryl 
acid sysfem
Striated
muscle
F ig . 21. — Schem atic comparison o f zones o f  ATP  
concentration where the C a+ +-EGTA antagonism  is 
effective for m uscle and for actom vosin
A simplified model illustra ting  how such swelling m ight cause muscle 
contraction is offered in Fig. 20. On the  left is th e  experim ental model of 
Kuhn e t al. (1960); black zones are in ert polyvinyl alcohol; w hite regions 
are cross-linked polyacrylic acid foils which swell on charging owing 
to  w ater u p take resulting  from  osm otic effects. On the  righ t is a re p ­
resentation of s tria ted  muscle, the  black zones are light meromyosin rods 
and  th e  w hite regions between them  are swollen heavy m erom yosin cross­
bridges. I f  the  heavy  m erom yosin did no t occupy essentially all o f the 
region betw een the  myosin filam ents, w ater transfer would tak e  place 
w ithin th is region ra th e r th an  between I -zone and  A-zone, resulting in 
a m arked lag of contraction  behind swelling. Calculations based on an 
estim ate of each half-sarcom ere containing 150 trim ers of heavy meromyosin 
with a swelling of 4-4 (Kominz e t al. 1965), give only 30-40 per cent 
occupancy of this space; more refined calculations w ait on fu rth e r data .
Although electrostatic effects such as those em ployed by K uhn  and  co­
workers can be invoked to  produce osmotic swelling, sim ilar osm otic effects 
can be produced by  breaking hydrophobic bonds in a protein and  in ­
troducing th e  hydrophobic groups in to  w ater. Im m obilization of w ater 
S tructure when such hydrophobic groups are in troduced can produce posi­
tive  second virial coefficients (Sm ith P. K . and Smith, E. R. B. 1937) analogous 
to  those produced by charge effects.
A sum m ary of some of the  concepts presented here is p resented in Fig. 
21. N ative tropom yosin allows rem oval of C a++ to  inh ib it the  ATPase. I t  
also lowers th e  level of ATP where superprecipitation commences. I t  is p ro ­
posed th a t  clearing of actom vosin gels or swelling of glycerinated myofibrils 
is analogous to  contraction of living muscle, and th a t superprecipitation of 
actom vosin gels or contraction o f g lycerinated  myofibrils is analogous to  
rigor of muscle. Some evidence in support of such concepts is a t hand  (Hot- 
ta  and Torai 1966), and  experim ental procedures could be brought to  bear 
on m ost of them .
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Szent-Gy ö rg y i: How much native  tropom yosin could actin  bind in your 
experim ents ?
K ominz: A binding of approxim ately  1 g of native  tropom yosin to  3 g of 
actin  was indicated  in  these experim ents.
G e r g e l y : I s it possible th a t some of the  changes in the  sedim entation 
p a tte rn  th a t  you a ttr ib u te  to  conform ation changes are in fact due to  
aggregation ?
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K o m i n z : These small u ltracen trifugái changes could be due to  aggregation 
if they  involved end-to-end reaction betw een highly asym m etric molecules. 
Since th ey  presum ably  involve swollen, fairly sym m etric molecules, a con­
form ational change is indicated .
E d m a n : A shift o f w ater from  one p a r t  of th e  sarcom ere to  th e  o ther 
should be expected to  upset the  osm otic equilibrium  between inside and  
outside a t th e  I-b an d  region according to  your model. This would ten d  to  
produce an  in take of w ater a t  th a t  region of th e  sarcom ere and, of course, 
coun teract shortening of th e  I-region. In  fact, the  sarcom ere would increase 
its  volume, or would it  no t ?
K o m i n z : According to  th e  x-ray  studies of Gerald E llio tt on living muscle, 
shortening is accom panied by  an increase in d iam eter so th a t  th e  volum e of 
th e  sarcom ere rem ains constan t; th a t  is, on contraction th ere  is no net flow 
of w ater in to  or ou t of th e  sarcomere. The curren t hypothesis is th a t  th is 
isovolum icity resu lts from  a w ater flow between th e  1- and  A-regions, and 
th a t  th e  swelling of the  A-region is due to  a triggered increase in osmotic 
pressure there. I t  proposes th a t  the  sites of action are the  H-m erom yosin 
am orphous regions, and  th a t  the  m echanism is by  an  a lteration  of th e  in te r­
nal non-covalent bond s truc tu re , such as a reversible ru p tu re  of several 
hydrophobic bonds.
The preceding description has referred  to  in tac t muscle. In  th e  case of 
m yofibril p reparations, i t  is quite likely th a t  w ater could en ter the  A-region 
la tera lly  and  an increase in volum e could occur. Such a process would 
coun teract shortening, as you suggest. Shortening then  would occur by some 
irreversible process analogous to  rigor, when th e  ATP concentration drops 
below a th resho ld  level.
G e r g e l y : D r P aine, in our laboratory , has ob tained  evidence th a t the 
in teraction  between actom vosin, and th e  Ebashi factor present in it, is 
coun teracted  by  0-6 m  KC1. I f  actom vosin is dissociated by ATP or inorganic 
pyrophosphate in 0-6 m  KC1, and  the  actin  centrifuged down, m ost of the  
EG TA -sensitizing facto r appears in supernatan t.
D r a b i k o w s k i  (D epartm ent of B iochem istry, Nencki In s titu te  of Experi­
m ental Biology, W arsaw ): In  connection w ith D r Gergely’s rem ark  I  should 
like to  add  one com m ent. The fact observed in D r Gergelv’s labora to ry  th a t,
T A B L E  I
Percentage of tropom yosin in actin
In  pellets after centrifugation
K ind  
of a c tin I n it ia l
in  KC l, [M] in  (C H 3)4NC1, [m ]
0-1 0-3 0-5 0 1 0-3 0-5
LT - BTM 26-1 24-8 15-7 (S-2 21-8 21-2 ; 18-7
26-3 25-5 16*0 8*0 29-2 21-4 19-5
10-7 10-8 6-9 0 9*6 —
RT 11-0 13-4 10-9 4'9 13-3 12-3
14-1 17-5 — 11-9 17-3 16*9
13-9 15-2 — 2-9 14-3 12-0
no
during u ltracen trifugation  of myosin B in 0-5 M KC1 in th e  presence of ATP, 
EDTA sensitizing factor (native tropom yosin) rem ains in su p ern a tan t can 
be easily understood  in view of our recent resu lts showing th a t a t 0-5 M KC1 
the  dissociation of the  F -actin -tropom yosin  com plex takes place. One can see 
in  Table I  th a t  when e ither room -tem perature actin  (denoted in the  tab le  as 
I f f) , or th e  m ix ture of low -tem perature purified actin  (I.T) and  Bailey’s 
tropom yosin  (BTM) were centrifuged in Spinco a t 0-1 M KOI, th e  am ount of 
tropom yosin  in  th e  pellets was the  same as in the  in itial solution. W hen, 
however, th e  concentration of KC1 was increased, th e  am ount o f tro p o ­
myosin sedim ented together w ith  F -ac tin  m arkedly  decreased. However, 
th is  was no t the  case when, instead  of KOI, actin  was polym erized and  cen­
trifuged  in th e  presence o f (CH;S)4NC1.
In  connection w ith  D r E bash i’s lecture I  should like to  present some 
recent d a ta  ob tained  in  our laborato ry , concerning the  influence of tro p o ­
m yosin on th e  « -ac tin in -F -ac tin  in teraction .
Two types of actin  were used in these studies depending on the  tem p era­
tu re  of ex traction  of crude actin  from  acetone-dried muscle powder. The
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F i g . 22 .— The effect o f a-actinin anil 
tropom yosin on the polym erization o f  
low-tem perature (LT) G-actin. 3 ml 
sam ples were polym erized at zero 
tim e w ith 0-1 M K C 1+ 1 dim MgCL at 
21°C and the v iscosity  was measured. 
Sym bols: o  LT-actin, •  LT-actin ~\- 
a-aetinin, v LT-actin +  TM, f  LT- 
actin  4- TM 4- a-actinin
Fig . 23 .—The effect o f  a-actinin and tro­
pomyosin on the polym erization of low- 
tem perature (LT) G -actin. 3 m l sam ples 
were polym erized a t zero tim e w ith  
I » JM  MgCL at 2 l ° 0  and the v iscosity  
was m easured. Arrow indicates the tim e  
of the addition o f  0-1 M JvCl. Sym bols: 
as in F ig. 22
111
first, denoted as low -tem perature actin  and  obtained  from  crude ac tin  
ex trac ted  a t  0° C, contained only traces of tropom yosin; th e  second, denoted 
as room -tem perature actin  and  ex trac ted  a t  room tem peratu re , contained 
abou t 15 per cent of tropom yosin.
In  th e  first series of experim ents the  effect of tropom yosin purified accord­
ing to  Bailey, o fa-ac tin in , and th e  jo in t effect of these tw o proteins on th e  p o ­
lym erization of low -tem perature G-actin was exam ined (Fig. 22). One can 
see th a t  th e  viscosity of th e  ob tained  F -actin  reaches som ewhat higher final 
value in th e  presence of tropom yosin th an  in its absence, owing to  th e  in te r­
action between these tw o proteins. W hen polym erization o f actin  was brought 
abou t by 0-1 M KC1, w ith or w ithout 1 mm  MgCl2, a-actinin caused a con­
siderable increase in viscosity. The gel obtained  showed a d istinc t thixo- 
trophv ; nam ely, viscosity partia lly  dropped during repeated  m easurem ents 
and  appeared  to  increase again during standing. W hen, however, besides 
a-actinin, tropom yosin was added to  actin  the  effect of a-actinin was 
com pletely abolished.
In 1 tom MgCl2, in spite o f th e  polym erization of actin , alm ost no effect of 
a-actinin on the  viscosity of ac tin  was found (Fig. 23). A fter subsequent a d ­
d ition  o f 0-1 m  KC1 the  ob tained  p a tte rn  was sim ilar to  th a t  obtained 
during polym erization w ith 0-1 M KC1 -j- 1 tom MgCl2; nam ely, th e  im ­
m ediate anom alous increase in viscosity in the  presence o fa-ac tin in  and the  
lack of th e  effect of th is p ro tein  in th e  presence of tropom yosin were seen.
In  th e  nex t series of experim ents th e  effect of a-actin in  and  tropom yosin 
on th e  viscosity of low -tem perature F -actin  was exam ined. Figure 24
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F ig . 24.—The effect o f a-actinin and tropo­
m yosin on the v iscosity  o f  low-tempera 
tore F-actin . In one sam ple o f  F-actin (o) 
the changes in v iscosity  were measured  
after the addition o fa -actin in  (indicated  
as A), and the subsequent addition o f tro­
pom yosin (indicated as TM). In the  
second sam ple o f  F -actin  (□) the ad­
dition o f a-actinin followed the addition  
o f tropom yosin
F i g . 25.—The effect ofa-actin in  and tro­
pom yosin on room-temperature actin. 
One sam ple o f  room-temperature G-ac­
tin (o) was polym erized at zero tim e  
w ith 0 1  M  KC1 and the viscosity was 
measured. A fter polym erization at 
tim e indicated by arrow a-actinin was 
added. To the second sam ple o f  room - 
tem perature G-actin (□) a-actinin was 
added and polym erization was initiated  
at zero tim e by  the addition o f  0 - 1  m  
KOI
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shows th a t th e  viscosity, which increased considerably a fte r addition 
of a-actin in , dropped  to  th e  in itia l level a f te r  subsequent addition  
of tropom yosin. On th e  o ther hand , a-actin in  added to  th e  com plex of 
F -actin  and  tropom yosin did no t cause any  increase in  viscosity.
In  agreem ent w ith th e  above resu lts no effect o f a-actin in  was found either 
when room -tem peratu re G -actin was polym erized in the  presence of a- 
actin in  or when th e  la tte r  p ro tein  was added  to  already polym erized room- 
tem p era tu re  F -actin  (Fig. 25). The experim ents presented above show 
th a t  th e  effect of a-actin in  on F -actin , first observed by M aruyam a and  
Ebashi, depends on th e  kind of salt which had  been used for th e  po ly­
m erization of actin . C ontrary  to  OT M  KC1, in the  presence of 1 t o m  
MgCl2 or 0-1 m  potassium  iodide, a-actin in  does no t increase th e  viscosity 
of F -actin .
Besides, these experim ents suggest th a t  a com petition between a-actinin 
and  tropom yosin for th e  same, or closely located, binding sites in th e  actin 
molecule m ay exist. They seem also to  support the  previous suggestion of 
Hanson and  Lowy th a t  th e  stran d s of tropom yosin lie outside the  actin 
filam ents in th e  grooves between th e  strands of the  la tte r  protein.
E b a sh i: Since Mg ions g reatly  favour th e  action of a-actinin, it is desir­
able th a t  you would repeat your experim ent also using high concentration 
of Mg ions, say 10 tom.
H u x l e y : In  the  tab le  showing the  quan tities of different proteins present 
in 100 g of wet muscle (cf. p. 80) Professor E bashi gives ac tin  as 2 g and 
a-actin in  as 0-8—1-0 g. One can estim ate th e  actin  conten t of muscle in a 
different way, from observations of th e  num ber of subunits visible along 
the  actin  filam ent (assuming them  to  be G -actin m onom ers of m olecu­
lar weight 60 000, which seems com patible w ith  th e ir size an d  shape) and 
th e  num ber of filam ents in a given volum e of muscle. This gives a value of 
approxim ately  3-5 g per 100 g of whole muscle. I  wonder if th e  lower value 
quoted by Professor E bashi m ight reflect th e  presence of a consider­
able q u an tity  of partia lly  dena tu red  actin  w ith the  a-actin in  fraction, 
whose ac tiv ity  really resided in a sm aller com ponent, as Professor E bashi 
believes is th e  case in native  tropom yosin.
E b a sh i: The figures in th a t  tab le  are the  values estim ated  from  th e  
ac tua l yields. I  am also in terested  in the  fact th a t  the  yield of ac tin  has 
never reached th e  value calculated from  o ther evidence.
H u x l e y : Concerning th e  general question of the  modification of the  
in teraction  of actin  and myosin and  of myosin ATPase, it  m ight be useful 
to  rem em ber th a t  th e  actin  and  myosin molecules are each arranged  in 
helical fashion in separate  filam ents so th a t  th e  num ber of molecules which 
can in te rac t will depend considerably on th e  three-dim ensional s tru c tu re  
of the  filam ents and on th e ir flexibility. In  th is connection it is in teresting 
to  rem em ber th a t  the  helical p itch  of the  myosin filam ents in a frog sartorius 
appears to  change when the  muscle goes in to  rigor and  the proteins, actin  
and  myosin combine so th a t  it has a value of 380-390 A and  th a t  th is  
figure is approxim ately  equal to  the  x-ray  and  electron-m icroscope periodic­
ity  shown by  th e  ex tra  com ponent in the  I-filam ents. This is th e  periodicity  
found by Professor E bashi and  D r M aruyam a in actin  filam ents when 
trea ted  w ith  troponin , which control th e  calcium sensitiv ity  of th e  ac- 
tom yosin ATPase.
I i:s8 Symp. Biol. Hun#. 8.
Szen t-Gy ö r g y i: The o ther estim ate o f actin  conten t D r H uxley referred 
to  is based on th e  bound A D P conten t o f muscle. This is a value in  which 
several laboratories, including P erry , Biró, M om m aerts and  ourselves, 
agreed. We ob tained  a  value of abou t 4-5 pvi/g pro tein  of a washed myofibril, 
which would correspond to  an  actin  conten t of abou t 27 per cent. I t  would 
appear, if one adds th e  considerable am ounts o f actin ins and o ther factors 
to  th e  known muscle proteins in the  proportion of your estim ate, one gets 
more pro tein  ou t of muscle th an  one s ta rted  with. This is ra th e r worrysome 
and  m ay suggest th a t  perhaps th e  activ ities ascribed to  these factors are 
due to  sm aller am ounts of contam ination in th e  fractions.
E b a sh i: A lthough no one has succeeded in ex tracting  such a large am ount 
of actin , I  th in k  th a t  th e  A D P con ten t provides so fa r th e  best estim ate of 
ac tin  content. In  th is  respect I  essentially agree w ith you. However, even 
if  we tak e  th is  in to  consideration, th e  to ta l am ount of proteins listed in the  
tab le  m ay be around 11 g from  100 g of muscle and  certain ly  less th an  th e  
am ount of s tru c tu ra l p roteins contained in  100 g of muscles. All th e  experi­
m ents including im m unoelectrophoretic studies definitely indicate th a t in 
the  a-actin in  prepara tion  th e  m ajor com ponent itse lf is of the  active principle.
P e p e : D r Ebashi, do you know w hether your an ti-actin  an tibody  reacts 
w ith  troponin  ?
E b a s h i : W e have no direct experience concerning this.
P e p e : The reason I  ask is th a t  a few years back D r H ugh E . H uxley and  
I  got th e  same resu lts w ith  an ti-actin  staining as you have shown w ith  an ti­
troponin  (Pepe and  H uxley 1964). In  addition, in  connection w ith D r 
M aruyam a’s p resen tation  — recently  I  have found th a t  on addition  of anti- 
ac tin  an tibody  to  a suspension of purified F -actin  filaments, th e  F -actin  
filam ents aggregate. The aggregates show the  sam e periodicity  along the 
length of the  filam ents as is seen when I-segm ents of muscle are stained. 
As th e  am ount of an tibody  is increased relative to  th e  F -actin , th e  aggre­
gates become shorter b u t still re ta in  th e  periodicity  of staining. A t high ratios 
between an tibody  and  F -ac tin  th e  filam ents depolym erize u n til short 
segm ents o f th e  order of 3 000 Ä or so are obtained. I  am  n o t sure w hether 
th is  m ay have some relationship to  Dr M aruyam a’s work.
R E F E R E N C E
Pepe, F . P . and H uxley, H . E . (1964) in: Biochem istry o f M uscle Contraction. E d. by  
.7. Gergely. L ittle, Brown and Co., B oston
E b a s h i : The fact th a t  th e  an ti-troponin  is located a t  the  th in  filam ent 
w ith 400 Á periodicity  could be com patible w ith your results w ith  an ti- 
actin .
H a n s o n : D r Pepe, w hat do you precisely m ean by  th e  400 A periodicity ?
P e p e : I t  is th e  400 A period associated w ith th e  actin  filam ents in  the 
I-band . The an ti-actin  an tibody  accentuates th is periodicity.
Garamvölgyi: (Biophysical In s titu te , U niversity  Medical School, Pécs): 
The g reat m ajority  of the  work perform ed on th e  stru c tu ra l proteins of the  
myofibril deals w ith  th e  pro teins localized in  the  A-band and in the  I-segm ent,
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F i g . 26 .— «T w o myofibrils o f the flight muscle o f the bee. Phase con­
trast. b The sam e fibrils after the action o f  0-1 per cent lipase enzym e, 
p H  7-2. The Z- and M-lines are m issing
b u t very  little  is known abou t th e  proteins of th e  Z- and  M-lines. I t  is 
really  very  difficult to  bring these s tru c tu ra l elem ents in  a s ta te  in 
which th e ir m aterial could be determ ined] by  the  usual m ethods of p rotein  
chem istry.
I  would like to  presen t some prelim inary  observations obtained  in 
a curren t work which we are conducting together w ith D r Ch. T rom ­
bitás, from  th e  L aborato ry  Centre of our U niversity . A lthough we are 
only a t  the  s ta r t  of th is work, I  regard  it necessary to  subm it th is  way 
of protein  isolation to  th e  criticism  of the  Symposium, even a t  th is  early 
stage.
This work is based on th e  following prelim inary  observations. In  order 
to  rem ove th e  Z- and  M-lines we trea ted  insect flight muscle myofibrils 
w ith  lipase or trypsin , bo th  a t  p H  7-7-2 (Garam völgyi 1961). B y both  
kinds of enzym atic trea tm en t we observed th e  same s tru c tu ra l changes, 
i.e. a fte r th e  trea tm en t bo th  th e  Z- and  M-lines were missing (Fig. 26).
I t  is to  be noted, however, th a t  th e  effect could be achieved w ith  lipase 
m ore easily, th a t  is in  a lower concentration and  a t  a considerably higher 
speed, th a n  w ith  try p tic  digestion. I  do no t regard  it  probable th a t  
th e  effect of lipase could be a ttr ib u te d  to  eventual p ro teolytic contam ina­
tions.
In  th e  electron microscope we could also observe th e  lack of th e  Z- 
and M-lines (Fig. 27). Transverse sections o f lipase-treated  myofibrils 
have shown th a t, together w ith th e  Z- and  M-lines, th e  set of th e
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F i g . 27. — Electron micrograph o f  a myofibril after lipase digestion. N ote the em pty
sites o f  th e  Z- and  M -lines
secondary filam ents is also missing (Garamvölgyi 1965). I t  seems th a t  
p ractically  only th e  prim ary  filam ents survived th e  digestion. This sug­
gestion seems to  be supported  by th e  fact th a t  lipase-treated  myofibrils 
can be fragm entated  very easily. Some seconds of m echanical disin tegration 
are sufficient for th e  com plete destruction  of the  m yofibrillar organization. 
In  the  m edium  we found isolated prim ary  filam ents (Fig. 28). This m ay 
be a ttr ib u te d  to  th e  lack of th e  secondary filam ents and  thus to  the  in te r­
rup tion  of th e  actin -m vosin  linkages. I t  seems th a t  th e  presence of the  
secondary filam ents is absolutely necessary for th e  regu lar a rray  of th e  
A-band.
On th is  basis we supposed the  Z- and  M-lines to  be built up from  protein 
and  lipid constituen ts alternating . B y th e  destruction  of th e  la tte r  (i.e. 
th rough  trea tm en t w ith lipase) we hoped to  liberate th e  protein com ponent. 
We prepared  a m yofibrillar suspension from the  thoracic muscle of about 
100 bees and  washed it in 50 ml of P ring le’s solution 20 tim es by repeated  
centrifugation, in order to  remove th e  sarcoplasm ic proteins. To the  last 
su p ern a tan t we added  lipase enzyme in a 0-05 per cent final concentration. 
This solution served as control. To th e  sedim ent we added  lipase in th e  same 
concentration. A fter the  action of th e  enzym e it  was centrifuged once more
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F ig . 28. — P rim ary  m yofilam en ts iso lated  by  ex trem ely  sh o r t hom ogenization  o f 
lipase-digested m yofibrils. TJranyl a c e ta te  sta in ing
F ig . 29. -U ltra c e n trifu g e  record  o f  th e  lipase e x tra c t o f  bee m yofibrils. T he contro l 
(bo ttom ) does no t con ta in  any  peak
I 17
F ig . 30 .—T he sam e as F ig . 29, b u t  show ing e x tra c t o f ra b b it m uscle
F ig . 31 .—U ltracen trifu g e  record  of 
ra b b it m uscle e x tra c t exh ib itin g  a 
double p eak
and  th is solution contained th e  m yofibrillar ex trac t. Both solutions were 
u ltracentrifuged . In  the  control we did no t ob tain  any  recognizable com ­
ponent, b u t in th e  te s t solution there is a  considerable peak, sedim enting 
a t  m easurable speed. T h a t means, we could find the  substance liberated 
by th e  destruction  of th e  lipids (Fig. 29).
US
We perform ed sim ilar experim ents in a quite sim ilar way also on rab b it 
psoas muscle and  we ob tained  th e  same resu lt (Fig. 30).
The experim ents p robably  did no t resu lt in one single uniform  com ponent. 
In  some cases we could observe a double peak  in  th e  u ltracentrifuge record 
(Fig. 31). The solution m ay contain th e  substance of th e  secondary fila­
m ents and  also probably  th a t  of th e  Z- and  M-lines. We hope to  be able in 
th e  fu tu re  to  separate th e  ind ividual com ponents, to  determ ine th e ir p h y ­
sico-chemical constan ts and, if possible, to  check th e ir sites inside the 
myofibril.
R E F E R E N C E S
Garam völgyi, N . (1961) Thesis, Pécs 
Garam völgyi, N. (1965) •/. Ultrastruct. Res. 13, 425
E b a sh i: As was m entioned in m y lecture, a crude p repara tion  of a n ti-a- 
actin in  contains ano ther an tibody  which combines w ith th e  M-line. W e are 
now carrying on studies to  inquire w hether the  antigenic pro tein  of the 
la tte r  is ac tually  th e  M-line substance.
D r a b i k o w s k i : D id you use lipase or phospholipase to  tre a t the  muscles (or 
myofibrils — I  do no t rem em ber now). As far as I  know m ost of the  
lipids in  muscles are phospholipids which will no t be split by  lipase.
G a r a m v ö l g y i : I t  was lipase enzyme. Our purpose was th e  destruction  and  
no t an  investigation in to  th e  lipid com ponent. I  am  no t an  expert in li­
pid  biochem istry, thus, I  cannot characterize th e  properties of th e  la tte r.
P inaev  (In stitu te  of Cytology Acad. Sei. USSR, Leningrad): Artificial 
actom yosin is usually  ob tained  by  m ixing a small volume of an  actin  so­
lu tion w ith  a larger volum e of a myosin solution in proportion of I: 2-5. I ts  
p roperties are generally accepted as being identical w ith those in a solu­
tion  o f n a tu ra l actom yosin.
N atu ra l actom yosin is ob tained  by tw enty-four-hour ex traction  of 
muscle mince w ith a W eber solution.
However, th e  resu lts obtained from  the  m easurem ents of bo th  of these 
actom vosins w ith th e  usual birefringence technique show th a t  th ey  are 
considerably dissim ilar in th e ir physico-chem ical p roperties (Fig. 32).
The ex tinction  angle x  and  th e  value of birefringence A n  of th e  acto- 
myosins were m easured a t various velocity g rad ien t of flow {(f). The g ra ­
d ient of velocity was changed from  ten  to  one hundred  and  fifty reciprocal 
seconds. Flow birefringence values of actom yosins are given in the  figures 
presen ted  as a function of th e  velocity  gradients.
Our experim ents showed th a t values of the  extinction angle in the  case of 
the artificial actom yosin solutions range from  eight to  six angular degrees, 
and  th a t  th ey  are no t noticeably affected by th e  variation of gradient.
In  th e  case o f the  n a tu ra l actom yosin the  same characteristics lie betw een 
nineteen to  ten . T h at is, the  value of <x is higher.
The same divergence was observed in m easuring the  birefringence effect 
(An). The values of A n  for the  artificial actom yosin are very  high: by  <j of 
twelve inverse seconds th ey  reach th e  value of 105 X 108. But A n  of the 
n a tu ra l actom yosin is tw ice lower.
I t  seems th a t  pro tein  p a r­
ticles in  th e  artificial actom y- 
osin solution are larger and  
more asym m etric th an  those 
of th e  n a tu ra l actom vosin.
Our results are, therefore, 
essentially a t variance w ith 
the  widely spread opinion 
th a t  th ere  is no difference 
betw een these two actom vo- 
sins.
I t  should be noted, however, 
th a t  Ivanov  and  o thers have 
already  reported  abou t the  
stab ility  of the  artificial acto- 
myosin to  high pressure. They 
have found it  being higher 
th an  th a t  of the  n a tu ra l acto- 
myosin.
One m ay ask, w hat is the  
cause of these differences? 
W hy do th e  partic les of these 
proteins differ in th e ir shape 
and  size ?
The birefringence effect of 
actom vosin solutions seems 
to  be caused by  th e  actin  
com ponent. In  1960 N oda and 
E bashi showed th a t  myosin 
does n o t exh ib it birefringence 
a t low velocity grad ien t in solu­
tions of 0-6 m  KC1 and  pH  7-4.
But the  F -ac tin  ob tained  w ith the  m ethod o f S traub  exerts a very 
strong birefringence under the  same conditions. As shown in Fig. 33, the  
velocity grad ien t has no influence on th e  curve for the  actin , which 
has shifted  to  th e  zone of sm all values of a. This fact indicates the  fast 
o rien ta tion  of th e  actin  partic les and  th e ir large and  asym m etric macro- 
m olecular character.
The curve of th e  ex tinction  angle for actin  lies som ewhat lower th an  the 
sim ilar curves for th e  tw o actom yosins.
M oreover, i t  is no t affected by  th e  re lation of ac tin  to  m yosin in the 
artificial actom yosin. F our correlative curves correspond to  the  solutions 
of various proportions, i.e. 1 : 2-5, 1 : 5, 1 : 8, 1 : 10.
The upperm ost curve represents th e  n a tu ra l actom yosin solution. As crite- 
riu m for identification of th e  tw o actom yosins th e ir contractile  abilities were 
usually taken . B u t th e  properties said above m ay no t possibly influence 
th e  contractile  abilities of th e  actom yosin complex.
O bservations of A tm arin  and Vorobyev support our explanation  of the  
fact. They showed th a t  th e  com bination w ith ac tin  was not the  only con­
dition for ge tting  a contractile  complex.
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F ig . 32. — Flow  birefringence o f the artificial 
and natural actom yosin. A  -f- M =  actin : 
myosin (artificial actom yosin), AM =  natural 
actom yosin
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The contractile  ab ility  of 
actom yosin can be indirectly  
estim ated  by  the  decreasing 
viscosity or birefringence of 
protein solutions in th e  p re­
sence o f ATP.
Therefore, the  appropriate  
m easurem ents were made. As 
shown bv Figs 34 and  35, the 
value o f th e  ex tinction  angle 
really increased in bo th  cases 
due to  th e  ATP added. Con­
sequently , as we have though t, 
th e ir reaction w ith ATP is 
independent of th e  q u a lita ­
tive  characteristics.
The kinetics of th e  reaction 
was investigated  in order to  
check w hether the  observed 
varia tions in th e  run  of curves 
for the  o rien ta tion  angle could 
be explained as a consequence 
of the  action of the  A id ’ a d ­
ded. W ith th e  increase in g we 
have not got, however, the  re ­
duction in th e  a values, on the 
contrary , a d istinct increase. 
This effect m ay be a ttr ib u te d  
to  the  g rea ter polydispersity  
o f the  solutions studied. M ore­
over, it po in ts again to  th e  d is­
sim ilarity  of the  two proteins.
It is necessary here to  note 
one more observation made 
during our studies as being of 
some im portance and  th e re ­
fore analyse th e  curves again 
as follows. I t  is clear from  
Figs 32 and 33 th a t  th e  curve 
of a-value as a function of 
<j runs for th e  actin  lower 
th an  th e  respective curves for 
th e  artificial actom yosin.
The explanation  o f th e  phe­
nom enon m ay lie possibly in 
the  in teraction  of actin  w ith 
the  myosin partic les, w ith  
th e  form ation o f en tire ly  new 
set of partic les o f a som e­
w hat less asym m etry .
« i
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A t presen t the  hypothesis th a t  ATP added  to  actom yosin solutions d is­
sociates actom yosin in to  tw o com ponents: ac tin  and  myosin, is considered 
as already  proved.
B ut, i f i t  were so, th e  curves of the  extinction angle should sh ift in to  the  
region of the lower a values, which corresponds to  actin  or rem ain a t  least 
unchanged. We are, however, confronted actually  w ith quite a con trary  
effect: th a t  is, th e  said curves for th e  actom yosin, a fte r ATP has been added  
to  th e  solutions shift still deeper in to  th e  zone of the  larger a-values.
I t  follows from th is th a t  the  sh ift of the  curves m ay be a ttr ib u ted  
w ith a reasonable degree of certitude to  th e  less asym m etric character 
of th e  macromolecules. Thus, we were obliged to  check w hether the
myosin, which is supposed to  be 
present in th e  solution in the  
dissolved sta te , has no appreciable 
effect on th e  birefringence of the 
actin . In order to  clarify th e  
problem , th e  ex tinction  angles of 
th e  solutions contain ing actin  
and  myosin in th e  dissociated 
conditions were m easured with 
the  resu lts as follows (Fig. 
36).
The lowest curve represen ts ac ­
tin , the  nex t one th e  same actin  
bu t with the  ATP added; fu rther, 
there  is th e  curve representing ac­
tin , j)lus ATP, plus myosin. Lt is 
th e  curve where the  myosin should 
n o t react w ith th e  actin . The last 
one is th e  curve for th e  artificial 
actom yosin solutions.
The curves of th a t  en tire  set ru n  
close to  one ano th er and the  values
F i g . 37. Precipitation reaction in an Ouch- 
terlony plate. A  antim yosin, 7 m yosin, 2 sar­
coplasmic cholinesterase
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represen ted  by  them  range from  7 to  8 degrees, th a t  is, in th e  region of values 
far lower th a n  th e  values of twelve or fifteen degrees for artificial actom yosin 
in the  presence of ATP.
I t  follows th a t  free myosin cannot be, in fact, the  cause of the  m arked 
drop o f th e  birefringence values resulting  on in teraction betw een ac to ­
myosin and  ATP.
These d a ta  perm it us to  suggest th e  following:
(1) th e  com bination of actin  w ith  m yosin is accom panied by the  change 
of th e ir form er s truc tu re ,
(2) th e  action of ATP on th e  actom yosin cannot be th o u g h t of as just 
its d isin tegration in to  its  tw o com ponents: ac tin  and  myosin.
M a r u y a m a : D id you check th e  dependence of extinction angle on pro tein  
concentration  ? The reason why I  ask th is is th a t  we have ob ta ined  m uch 
higher a  values of m yosin B a t  low velocity grad ien ts (Noda and  M aruyam a 
1958, H aga e t al. 1966). W e have observed th a t  the  ex tinction angle of syn ­
th e tic  actom yosin was m uch lower th an  th a t of myosin B, because F-actin of 
S traub  ty p e  is very  long in partic le  length, while F -ac tin  from  myosin B is 
1-2 11 in length  (M aruyam a 1965).
R E F E R E N C E S
N oda, H . and Maruyama, K. (1958) B iochi in. B iophys. A cta  30, 598
Haga, T ., M aruyama, K . and N oda, H. (1956) B iochim . B iophys. A cta  120, 459
M aruyama, K . (1965) B iochim . B iophys. Acta  102, 542
Szöőr (Physiological In s titu te , U niversity  Medical School, Debrecen): In  
connection w ith  the  paper of Prof. Ivanov  I  should like to  show our obser­
vations referring to  th e  d istribu tion  of cholinesterase ac tiv ity  am ong differ­
en t fractions ob tained  from  th e  s tria ted  muscle of rab b it (Table I).
T A B L E  i
Homogenate
Extract of 
sarcoplasmic 
proteins
Extract of 
myofibrillar 
proteins
Fraction
T Residue
mg acetyleholine/g muscle/hour
1. 2-85 1-24 1-32 0-06 0-20
2. 3-65 1-40 1-80 0-09 0-22
3. 2-62 1-00 1-20 0-10 0-30
4. 4-65 1-90 2-30 0-15 0-30
This tab le  shows th e  cholinesterase ac tiv ity  of muscle hom ogenate of th e  
sarcoplasmic pro tein  fraction  ex trac ted  a t  low ionic streng th , th e  m yo­
fibrillar fraction  ex trac ted  w ith W eber solution, th e  fraction  T  separated  
from th e  m yofibrillar fraction  and  residue. The cholinesterase ac tiv ity  is 
expressed in  mg ACh hydrolysed fractions referred to  one gram  muscles.
I t  can be seen th a t  th e  cholinesterase ac tiv ity  is chiefly found in  th e  sarco­
plasmic and  m yofibrillar fractions. The cholinesterase ac tiv ity  in fraction 
T is only 2-4  per cent th a t  of th e  muscle hom ogenate.
S tudying th e  immunological behaviour of fractions we found th a t there 
are significant differences in th e  antigenic properties of fractions w ith 
cholinesterase activ ity .
Chicken im m unsera ob ta ined  against purified rab b it myosin produced a 
p recip ita tion  reaction w ith th e  homologue antigen b u t did no t react w ith 
the  purified sarcoplasm ic cholinesterase (Fig. 37).
Therefore, i t  can be supposed th a t th e  tw o kinds of cholinesterase differ 
from  each o ther in their antigenic properties.
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U N I V  A L E N T  I 0  N S  A N D  W A rl’ E R  I N  .VI A M M A L I A  N 
H E A R T  M U S C L E :  A N  E V A L U A T I O N  O F  T H E  
M E M B  R A N E  T H E 0 R Y  A N D  T H  E E I X  E I)  C H A R G  E
T H  E O R V
E. Page
U  X  I  V E  R  S  I T  Y  O F  C H I C A G O ,  C H I C A G O
I  m ight begin by com m enting on the  origin of th e  title  of th is lecture. Two 
years ago, I  had th e  pleasure o f sharing a laborato ry  a t th e  H arv ard  Medical 
School with Prof'. Joseph  Tigyi of th e  U niversity  of Pécs, who, as secretary 
of th e  organizing com m ittee, has done so m uch to  make our present m eeting 
successful. Prof. Tigyi is a disciple of Prof. E rnst. Our contact w ith him  led 
us to  reexam ine m any of the  assum ptions underlying th e  w ay we had 
approached th e  behavior of ions in heart muscle. Our dom inant in terest has 
been th e  description of m am m alian h eart muscle, and we have had no 
em otional or o ther com m itm ent to  any  theory . There is now available 
a significant am ount o f inform ation abou t ion tran sp o rt in m am m alian heart 
muscle. I t  therefore seemed useful to  see how th is inform ation is affected 
by the  difference in theoretical approach which Prof. Tigyi and  I  brought 
to  muscle physiology.
Some ten  years ago, we began to  develop an isolated prepara tion  of 
m am m alian heart muscle, a p reparation  suitable for investigating the  
behavior o f inorganic ions in th is tissue. At th a t  tim e there were tw o theories 
which could serve as a fram ew ork for th e  analysis of our d a ta : th e  so-called 
m em brane theo ry  and  th e  fixed charge theory  (Ling 1962, Troshin 1958). 
We chose to  analyze our d a ta  by  the  m em brane theory . In  so doing, we 
soon found th a t  m any o f our assum ptions were, in fact, unsound, or th a t  
we were dealing w ith  approxim ations which were subject to  very  large 
uncertain ties. I t  m ight be an tic ipated  th a t  th is experience would ten d  to  
enlist us am ong the  supporters of th e  fixed charge theo ry  and  am ong the  
opponents of th e  m em brane theory . Surprisingly enough, th a t  is no t the  
case, and  th e  reason is one which we could n o t have foreseen when we 
began our work. W hat has happened is th a t , concurrently  w ith our own 
studies and in in tim ate  relation to  o ther branches of muscle physiology, 
there  has sprung up  a new field, one th a t  has, in effect, revolutionized our 
perspective of muscle. I  refer to  th e  organization of muscle a t  the  level of 
electron microscopic u ltras tru c tu re , and  th e  way th is organization affects the  
concepts of m em brane tran sp o rt in h eart muscle. B y looking a t  some of the  
observations on ion tran sp o rt in the  light of w hat is now known of cardiac 
u ltras tru c tu re , we arrived  quickly a t  th e  conclusion th a t  th e  questions 
of g reatest in te rest in h ea rt muscle exist w hether one in te rp re ts  th e  d a ta  
by th e  m em brane theory  or by th e  fixed charge theory ; and  th a t  although 
th e  m em brane vs. fixed charge controversy cannot be considered a settled  
question for h ea rt muscle, it is now irrelevant for th e  m ost in teresting 
problem s in the  field.
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Anyone who w ants to  stu d y  ion tran sp o rt in a  different muscle m ust 
decide alm ost from  the  s ta r t how he will t re a t  the  organization o f th e  tissue. 
The need for such a decision arises from  th e  fact th a t  it is desirable to  
express th e  driving forces for ion m ovem ent in term s which have th e ir 
coun terparts in th e  physical chem istry of aqueous electrolyte solutions and  
o f ion exchanger m em branes, term s w ith u n its  of concentrations, ac tiv ity , 
electrical poten tial. The requirem ent to  define the  system  w ith which one 
is working is no t, o f course, unique for muscle or for a biological m aterial. 
F o r a  muscle, th e  problem  is illu stra ted  by the  definition of the  in tracellu lar 
concentration o f an ion, for exam ple th a t  o f potassium  ion
[K ], =  (K r  -  K 0)/(W r  -  W0)
where [K],- =  the cellular concentration of K  ions (in m i/k g  cell water) 
K r  =  the total content of K  in the extracellular compartment 
(in m i )
W r  =  th e  to ta l weight of w ater in th e  muscle (in kg)
W 0 =  the  weight of w ater in th e  extracellu lar com partm ent (in kg).
The definition contains some of th e  im p o rtan t assum ptions of m em brane 
theory . Among these are th a t  i t  is m eaningful to  divide th e  potassium  in 
h ea rt muscle in to  cellular and  extracellu lar fractions; th a t  the  m ethod used 
for such a  p a rtitio n  does in fac t accom plish its  purpose; th a t  th e  in tra ­
cellular potassium  conten t, th e  num erator in the  defining equation, and  the  
in tracellu lar w ater content, th e  denom inator in th e  equation, are each 
sufficiently homogeneous so th a t  th e ir quotient, a  q u an tity  w ith un its of 
concentration, can reasonably  be used to  express one of th e  driving forces 
which ac t on th e  potassium  ion and  cause it to  m ove across th e  cell m em ­
brane.
These are substan tia l assum ptions.
W hen we began our studies, we were confronted w ith tw o practical 
questions: how exact are the  assum ptions for h ea rt muscle, and how useful 
are th ey  in predicting th e  behavior of ions in h eart muscle ? The investigation 
of how exact these assum ptions are for ca t h eart muscle has led us down 
a long road, as it  has a num ber of o ther groups working w ith o ther forms 
of h ea rt muscle. D uring our own trave ls down th is road, we have applied 
to  ca t heart muscle m any of th e  now classical m ethods of m em brane physiol­
ogy; we have developed certain  m ethods o f our own; we have m ade electron 
microscopic observations on ca t h eart muscle; and  we have begun to  re in te r­
p re t our observations on ion tran sp o rt, tak ing  in to  consideration w hat we 
now know of cardiac u ltrastruc tu re .
The subject m ay be in troduced  by reviewing the  assum ption th a t  the 
w ater and  electrolyte con ten t of h ea rt muscle can be conveniently divided 
into tw o fractions: a cellular fraction, and  an ex tracellu lar fraction. W hen 
a light m icroscopist looks a t sections of fixed and  stained  h eart muscle, 
he sees cells and  th e  spaces betw een cells. W hen a physiologist speaks of 
th e  ex tracellu lar space, he th inks in term s of th e  volume of muscle d e te r­
m ined w ith  an ex tracellu lar tracer. T h a t is, he m easures th e  volum e of 
muscle which equilibrates by diffusion w ith a solute th a t  is th o u g h t to  be 
excluded from  th e  cells. The classical physiologists assum ed th a t  th e  ex tra ­
cellular volum e so m easured is roughly identical w ith  th a t  of the  spaces
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F i g . 1.— U ptake o f  m annitol and inulin by papillary m uscles 
from the right ventricle o f  the cat heart (Page 1962)
am ong cells as observed by light microscopy. The classical m olecular 
species used as ex tracellu lar tracers include inulin, su lfate and  various 
carbohydrate molecules like sucrose, m annitol, sorbitol, or raffinose.
W hen th e  ex tracellu lar volume o f cat h eart muscle is m easured as a func­
tion  of tim e (Page 1962), th e  results are d istinctly  non-classical, as shown in 
Fig. 1. The extracellu lar com partm ent was m easured w ith  an  independent 
m ethod w ith  tw o molecules which were know n to  rem ain outside cardiac cells 
(Page 1962). The upper curve is th e  ex tracellu lar volum e m easured w ith 
m annitol, a small molecule, th e  lower curve th a t  m easured w ith inulin, 
a large molecule. I t  is evident th a t  a g reater fraction of muscle w ater is 
accessible to  m annito l th a n  to  th e  m uch larger inulin molecule. The obser­
vations suggest th a t  the  extracellu lar com partm ent is inhom ogeneous w ith 
respect to  th e  diffusion of molecular probes o f different sizes; th a t  is, p o r­
tions of th e  com partm ent are readily  accessible to  th e  diffusion of small 
molecules like m annitol, b u t are only slowly, if  a t  all, perm eable to  large 
molecules like inulin.
These conclusions hold, w hether one analyzes th e  results on the  basis of 
m em brane theo ry  or on th e  basis of fixed charge theory . B u t if  one chooses, 
on th e  basis o f m em brane theory , to  calculate in tracellu lar concentrations, 
it becomes im p o rtan t to  decide which m easure of the  extracellu lar com part­
m ent is the  correct one. The point is illustra ted  in Table I. The tab le  (Page
T A B L E  i
Dependence o f cellular concentrations 
on extracellular volume
Extracellular
I ntracellular concentration 
(mM/kg cell w ater)
[K]i [01]*
I n u l in ........................ 162 + 3 43 +  5 46 +2
Mannitol ................. 208 + 0 5 +  2 17 +  2
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1964) shows th a t  th e  con­
cen tration  of potassium  is 
much larger and  th a t  th e  con­
cen trations of sodium  and 
chloride are m uch sm aller 
when m annitol is used to  meas 
ure th e  ex tracellu lar space 
th an  when inulin is so used. 
Such differences in troduce an 
unacceptab le indeterm inacy 
into th e  calculated driving 
forces on ion m ovem ent, as 
illustra ted  in Fig. 2. The figure 
com pares th e  resting  po ten tial 
of ca t ven tricu lar cells (Vm) 
as m easured w ith m icroelec­
trodes (Page 1962a), with 
th e  potassium  equilibrium  po­
ten tia l, V K, which is the  p o ten ­
tia l difference calculated  from  
the  lim iting case of th e  N ernst 
equation for a po tassium -per­
meable m em brane. I t is d e ­
fined by th e  logarithm  of the  
ra tio  of in tracellu lar to  e x tra ­
cellular potassium  concen tra­
tions according to  th e  relation 
Vk =  (RT/F) In (LK],./[K]0), 
in which R , T, and  JF are, 
respectively, the  gas constant, 
th e  absolute tem peratu re , 
and th e  F araday . The expe­
rim ents (p lo tted  in Fig. 2) were m ade a t  progressively increasing ex ­
te rn a l potassium  concentrations, [K ]0, under conditions in which the 
intracellular potassium  concentration, [K],-, was held constan t. As in 
m any o ther excitable and  non-excitable tissues the  absolute value of the  
resting po ten tia l m easured w ith  microelectrodes under in  vitro conditions 
is sm aller th an  th e  potassium  equilibrium  poten tial. The difference has been 
th e  subject of m uch discussion am ong muscle physiologists and  is im portan t 
in in terpreting  th e  origin of th e  resting poten tial. I t  is evident from  Fig. 
2 th a t  the  ex ten t o f th is difference depends on w hether th e  in tracellu lar 
potassium  concentrations are calculated on the basis of m annito l as the  
m easure of ex tracellu lar volum e (the upper curve), or on th e  basis of inulin 
(the lower curve). In  o ther respects th e  d a ta  for m am m alian h ea rt muscle 
resemble those for o ther s tria ted  muscles and for nerve (Hodgkin 1958). 
In  particu lar, a t  physiological and lower ex ternal potassium  concentra­
tions th e  slope of th e  sem ilogarithm ic p lo t of resting  potential vs. ex ternal 
potassium  concentration d ep arts  m arkedly from  th e  line p red ic ted  on the  
basis of the  N ernst equation.
mV  1
F ig . 2 .—Comparison o f  V m, the resting poten­
tia l o f  cai’diac cells from cat papillary m uscle, 
with V  the potassium  equilibrium potential, 
as a function o f  the external potassium  concen­
tration (Page 1962a). M easurements were made 
in the steady state  w ith respect to cellular 
concentrations o f  potassium , sodium  and chlo­
ride, the cellular potassium  concentration being 
approxim ately constant throughout. P oints are 
resting potentials obtained w ith m icroelectrodes 
in solutions whose ch ief anion was chloride; cros­
ses are the results o f  correspond ing m easurem ents 
in isosmolal, chloride-free sulfate solutions. The 
upper and lower lines give V % calculated on 
the basis o f  extracellular spaces estim ated w ith  
m annitol and inulin, respectively. Temperature 
27-5° C
Since the discrepancy between measured potentials calculated from the intra­
cellular potassium  concentrations is o f  such im portance in defining the driving forces 
on the potassium  ion, it seem s useful to  consider one source o f  th is discrepancy which 
m ay be particularly significant in m am m alian heart m uscle. I f  the true value o f  
[K ];- were lower than the calculated value, the potassium  equilibrium potential 
would, in fact, approach the resting potential measured w ith m icroelectrodes, that 
is, the distribution o f  potassium  would approach an equilibrium distribution. The 
critical assum ption is th at all o f the potassium  in the cell exists in a single state which 
is roughly comparable to  the state  o f  w ater in a salt solution (or a t least cannot be 
differentiated from such a state by the usual m ethods o f mem brane physiology). 
This assum ption is probably inexact for m am m alian heart m uscle. I t  has been our 
experience w ith papillary m uscles from the ca t’s heart th at from 12 to  25 per cent 
o f  cellular potassium  behaves differently from the rest. The difference can be shown  
in m any w ays. For exam ple, in very hypertonic solutions, cardiac cells w ill lose m ost 
o f their potassium , but not a critical fraction o f 12-25 per cent (Page and Storm  
1966). Sim ilarly, after prolonged inhibition o f  sodium  transport, either by  incubation  
at 0° C, or by  exposure to  large concentrations o f  the cardiac glycoside ouabain, 
cells w ill exchange all but 12-25 per cent o f  their potassium  for sodium  (Page, 
unpublished observations). Our working hypothesis is th at th is inhom ogeneity o f  
cellular potassium  in m am m alian heart m uscle is due predom inantly to  potassium  
associated w ith the m itochondria. This hypothesis rests on the now rather extensive  
literature on ion transport in m itochondria isolated from  m am m alian heart muscle, 
including som e early work by  Ulrich (1959, 1960), by W eatherall (1962), and by Schrei­
ber and co-workers (1960), and in particular the recent observations from the labora­
tories o f  Brierly and co-workers (1966) and o f Pressman (1965) and Cockrell and co­
workers (1966). These studies indicate that m itochondrial potassium  ions in heart m uscle 
participate in an elaborate, energy-dependent ion exchange. I t  can also be calculated  
from estim ates o f the potassium  content per m itochondrion and o f  the number o f  
m itochondria per cell th at 12-25 per cent o f  total tissue potassium  is a reasonable 
figure for the fraction o f  cellular potassium  associated w ith m itochondria.
Several laboratories, including our own, have shown th at in the steady state  
when cellular ionic com position is constant, all or nearly all o f the potassium  in the 
cardiac cell exchanges at the same rate w ith radioactive potassium outside the cells 
(Carmeliet 1961, W eidm ann 1965, Goerke and Page 1965, Taylor 1962). The observa­
tion  th at under one set o f  conditions all o f  cellular potassium  exchanges at a single 
rate appears a t first sight to  be inconsistent w ith th e  presence o f a  significant potassium  
fraction associated w ith m itochondria. How ever, the observation m eans on ly  that 
m itochondrial K -exchange is, under these conditions, much faster than the step  
which is rate-lim iting for the exchange o f  cellular potassium  as a whole. In other 
words, m itochondrial potassium  exchange is concealed by  the much slower exchange 
across the cell m em brane, or by som e other rate-lim iting exchange. On the assum ption  
th a t m ost o f  m itochondrial potassium  is present in som e relatively poorly hydrated  
state, it is possible to  recalculate potassium  concentrations for the cytoplasm ic 
potassium  (that fraction o f  cellular potassium  which is not associated with m ito ­
chondria). The result o f  th is calculation shows th at the potassium  equilibrium potential 
so computed for cat heart m uscle cells com es very close to th at measured with micro- 
electrodes. This som ew hat speculative digression illustrates th at it is not necessary 
to  invoke a fixed charge theory for all o f cytoplasm ic potassium  in order to  explain  
a discrepancy which is to date inadequately accounted for by the membrane theory.
E ven  a f te r  estim ating th e  inhom ogeneities in  th e  ionic com position of 
the  cytoplasm , it  is still necessary to  devise a m eaningful partition  of h eart 
muscle in to  tissue com partm ents. There are a  num ber of ingenious indepen­
den t approaches to  th is  problem  in the  lite ra tu re . For example, F isher and 
Y oung (1961) have applied hydrosta tic  pressure to  th e  ra t  heart, bo th  in the  
form  of constan t pressure and in graded increm ents of pressure. They found 
th a t  a t a pressure of 500 m illim eters of m ercury th e  ex tracellu lar solution, 
b u t no t th e  in tracellu lar solution, is pressed ou t of th e  heart. The volum e 
of extracellu lar fluid so pressed out agrees w ith  th a t  ob tained  by conven­
tional ex tracellu lar space m easurem ents using sorbitol or raffinose. Faced
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F ig . 3 .—E xperim ental arrangement for m easuring diffusion through  
a sheet o f  right ventricle from the cat heart (Page and Bernstein  
1964). The sheet (arrow) separates the chamber into left and right con­
ical halves. The glass reservoirs above the chamber can be sam pled at 
appropriate intervals. Baffles are inserted betw een the pum ps and the 
m uscle chamber to m inim ize m echanical oscillations. See tex t for fur­
ther discussion
w ith the  necessity of defining the  size and  determ ining th e  n a tu re  of the 
ex tracellu lar com partm ent in cat h eart muscle, we have pursued two lines 
of inquiry : first, we have tried  to  characterize more closely the  diffusion 
of ions and  unchanged molecules in th is  com partm ent; secondly, we have 
traced  the  continuities of the  com partm ent in electron m icrographs with the 
serial section technique of S jöstrand  (1958).
The kinetics of diffusion in to  and out of the  ex tracellu lar space o f skeletal 
muscle have been described extensively by H arris and  B urn (1949) and  by 
K eynes (1954). W e have tak en  a som ewhat different approach and have 
chosen to  consider s ta tio n ary  s ta te  diffusion through a sheet of h ea rt muscle 
(Page and  B ernstein  1964). The p articu la r form of the  diffusion equation 
used by us had previously been applied by  others to  diffusion through  ion 
exchange m em branes or th rough  o ther porous media. The experim ental 
arrangem ent is shown in Fig. 3. An otherw ise in tac t sheet of righ t ven tricu lar 
muscle from  a cat h ea rt is clam ped between tw o sides of a fluid-filled 
cham ber. A know n volum e of fluid is continuously and  rap id ly  circulated 
th rough  each side. The chemical com position of th e  solutions on each side 
is identical, b u t a rad ioactively  labelled ex tracellu lar tracer like sucrose or 
sulfate is in itia lly  added  to  th e  left side only. Since th e  only com m unication 
betw een th e  tw o sides of th e  cham ber is th rough  th e  ex tracellu lar space, 
th e  labelled substance diffuses th rough  the  ex tracellu lar space from  le lt to
T A B L E 1 I
T im e course of d iffu sion  through u .shed of heart muscle
Q*
I n ter cep t 
Slope
D C iA dt / V l  -  l c ,A df 6 -  (21c, . Id./.-*-) 1 '  [ ( -  1 )"/n !] 
A- l2/HD 
D c! i
@* =  cum ulative am ount o f radioactiv ity  w hich has diffused across the  
sheet in tim e t 
l =  th ickness o f  the sheet
A  =  total area o f  the sheet
fj  =  counts per m inute per unit volum e in the in itia lly  radioactive 
reservoir
D  — diffusion coefficient o f the labeled species in free aqueous solution  
A d =  an area associated w ith the diffusion channel so th at the quantity  
lA d is the volum e o f  the diffusion channel 
A =  a tortuosity  factor for the extracellular diffusion channel
righ t; its  ra te  of appearance in the  righ t cham ber can be followed by sam ­
pling th is cham ber a t  suitable intervals. Table I I  gives th e  app ropria te  solu­
tion  of the  diffusion equation for the  tim e course o f appearance on one side 
of the  sheet of a substance diffusing th rough  th e  sheet from  the  o ther side. 
Q*, the  cum ulative am ount of rad ioactiv ity  which has diffused across the  
sheet in  tim e I, is given by a non-linear build-up corresponding to  the 
exponential series, which is the  th ird  term  on th e  righ t, and  by a linear 
asym pto te corresponding to  steady  s ta te  diffusion and given by the  first 
tw o righ t-hand  term s. D  is the  free solution diffusion coefficient, eL the 
specific ac tiv ity  in th e  com partm ent of origin, l, th e  thickness of th e  sheet, 
A d the  area available for ex tracellu lar diffusion, and A, an  extracellular 
to rtu o sity  factor, for tak ing  into account the  increase in the  m ean diffusion 
p a th  arising from  the  fact th a t  ex tracellu lar molecules m ust diffuse around 
ra th e r th an  th rough  cells. The 
equation has an in tercep t on 
the  tim e axis, given by /- 
from  which ?. can be calcu­
lated , using a tab u la ted  value 
o f I). I f  }. is known, A d m ay be 
calculated from  th e  slope of 
the  linear steady  s ta te  asym p­
to te  by the  th ird  equation.
Figure 4 shows th e  experi­
m ental tim e course for th e  d if­
fusion of sucrose, superim ­
posed on the plot of the  diffu­
sion equation. F or th e  imper- 
m eant sucrose molecule the  
tim e course of appearance of 
rad ioac tiv ity  on th e  initially 
non-radioactive side of the 
sheet gives a v irtually  perfect 
fit for bo th  the  non-linear and 
steady  s ta te  portions of the
1
D t / \ 2! 2
F i g . 4. [Experimental tim e course for the diffu­
sion o f  sucrose through a sheet o f  right ven ­
tricle (open circles) superimposed on the p lot 
o f the diffusion equation (solid line) (Page and 
Bernstein 1964). Temperature 22-5° C
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theore tical curve. For sodium and  sulfate ions, to  botli o f which re s t­
ing h eart muscle is re la tively  im perm eable, sim ilarly good fits can be 
ob tained . Page and  Bernstein have found th a t  the  to rtu o s ity  factor, X, is 
th e  same for sucrose, su lfate and  sodium. X th u s  appears to  be independent 
of th e  m olecular species for molecules of th is size. The value of X so obtained 
can be used to  calculate A J A ,  the  fraction o f the  geom etrical area of the  
sheet, which is available for ex tracellu lar diffusion; th a t  is, th e  fraction of 
th e  face of the  sheet no t m ade up of cells. Table I I  tab u la tes  X and  A J A  for 
sucrose, su lfate, and  sodium , th ree  m olecular species which do no t readily  
en ter resting h eart muscle cells; A J A  has also been obtained for molecules 
like w ater, urea, and  glycerol, which do en ter cells and  equilibrate w ith  cell 
water. Like th e  to rtu o s ity  factor, th e  fractional area available for e x tra ­
cellular diffusion is constan t and  independent of th e  m olecular species used 
to  determ ine it.
The fact th a t  th e  to rtu o s ity  factor and  th e  area available for ex tracellu lar 
diffusion are bo th  independent of th e  molecular species suggests th a t  the 
dim ensions of the  channels th rough  which diffusion is occurring are large 
re la tive to  th e  dim ensions of th e  diffusing molecules. To te s t th is point, it 
would be of in te re st to  see if  very  large molecules can actually  diffuse 
th ro u g h  the  muscle sheet. The largest labelled molecule available to  us, 
a  d ex tran  w ith a m olecular weight of from  60 000 to  90 000, does indeed 
diffuse through th e  sheet. The size of th is molecule can be roughly approx i­
m ated  by an equivalent sphere with a molecular d iam eter of 150 to  180 A. 
This value suggests th a t  th e  channels m ust have average dim ensions very 
m uch larger th a n  150—180 Ä in order th a t  the  dex tran  m ay diffuse through 
th e  channels in a finite tim e. In  addition  to  th is qualita tive  s ta tem en t, it is 
possible to  calculate the  volum e and  w ater conten t of w hat m ay be term ed 
th e  ex tracellu lar diffusion channel for small molecules. This is th e  area avail­
able for the  ex tracellu lar diffusion of small molecules, m ultiplied by  the  
thickness of th e  sheet. The w ater conten t o f the  diffusion channel for sucrose 
is 26 per cent of th e  to ta l conten t o f w ater in the  muscle. This is about the  
sam e as the  w ater conten t of th e  inulin  space, b u t is only 2/3 o f th e  sucrose 
space a fte r 3 hours of equilibration w ith sucrose. On th e  basis o f th is  m ethod 
it can be concluded th a t  1/3 of th e  extracellu lar space has kinetic ch a rac te r­
istics different from  th a t  of th e  o ther 2/3. This extracellu lar subcom partm ent 
would account for abou t 13 per cent of th e  w ater in th e  muscle, w ith a pos­
sible range of 7-19 per cent. The ex tracellu lar com partm ent of th e  c a t’s righ t 
ventricle is th u s inhom ogeneous w ith respect to  th e  diffusion of ions and 
molecules w ith in  it.
W hat is the  stru c tu ra l cou n terp art of such an inhom ogeneity? To obtain 
an answer to  th is  question, we have tried  to  develop more satisfactory  
m ethods of preserving cardiac fine s tru c tu re  for electron microscopy, and 
have applied th e  m ethod of serial th in  sections in troduced by Sjöstrand 
(1958) to  the  c a t’s papillary  muscle (Page 1966, 1966a). Before discussing 
th e  resu lts of these experim ents, we m ay sum m arize th e  conventional con­
cepts of the  u ltras tru c tu re  of m am m alian h eart muscle. F igure 5 is a three- 
dim ensional p icture of a m am m alian h ea rt muscle cell from  an artic le by 
Nelson and  Benson (1963). The figure shows the  longitudinal cell m em brane 
or sarcolem m a, th e  transverse  cell boundary  or in tercalated  disk, th e  m yo­
fibrils w ith th e ir characteristic striations, th e  nucleus, and th e  m itochondria.
F ig . 5 .— Drawing o f  the suggested three-dim ensional structure o f a 
mam m alian m yocardial cell proposed by Nelson and Benson (1903). 
T , T j, and 7', represent different parts o f the transverse tubular sy s­
tem . Other labelled structures include the sarcolemma (S), a myofibril 
( MF) ,  an intercalated disk ( ID) ,  and a nucleus (N ). The smaller tubules 
around the myofibrils are sarcotubules whose interior is probably not 
continuous with that o f  the transverse tubules. The distribution o f sar­
cotubules m ay be more com plex than indicated here (Page 19(i(ia)
The longitudinal cell m em brane or sarcolem m a has very large infoldings, 
the  transverse tu b u la r system  first described in m am m alian h eart muscle 
by L indner (1957), and  subsequently  shown in more detail by  P o rte r  and 
Palade (1957), by Simpson and Oertelis (19(52), and  by Nelson and Benson 
(1963). K arnovsky  (1965) has dem onstrated  th a t under in  vivo conditions 
th e  lum ina of these transverse tubules are continuous w ith the  spaces 
between muscle cells, th a t  is, w ith the  classical extracellu lar space. The 
situation  in m am m alian h eart muscle is therefore sim ilar to  th a t  found by 
H. E. H uxley (1964), by S. Page (1964), and  by Endo (1964, 1966) in frog 
skeletal m uscle—an extension of th e  ex tracellu lar solution in to  th e  interior 
of the  muscle cell.
Figure 6 is one of a sequence of th in  serial sections of a P urk in je  cell from 
th e  papillary  muscle of the  c a t’s righ t ventricle (Page 1966a). We chose 
to  do m ost o f our studies w ith P urk in  je cells for tw o reasons. F irst, th e  m ost 
extensive studies on th e  electrophysiology of h eart muscle cells, no tab ly  
those from  the  laboratory  of W eidm ann (1956), have been done in P urk in je  
cells. Secondly, Purk in je  cells, which are som ewhat sm aller th an  cells of the
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F i g . 6 . Flectron micrograph (longitudinal section) o f a I'urkinje coll bundle con­
sisting o f  tw o cells separated by  an intercellular cleft (Page 1966a). Upper margin: 
classical extracellular space containing an erythrocyte w ithin a capillary. D iads 
appear as dark patches along the longitudinal surfaces o f the plasm a membranes 
w hich face the classical extracellular space and the intercellular cleft. A transverse 
tubule in close association w ith  a sarcotubule is seen in cross- section near the left 
lower margin o f  the lower cell. The tissue was fixed with buffered glutaraldehyde, 
post-fixed w ith osm ium  tetroxide and uranylacetate and stained w ith lead tetra ­
acetate. M agnification X 16 000
working m yocardium , can be more easily analyzed w ith the  technique of serial 
sections. We confined our studies to  P u rk in je  cells in which th e  myofibrils 
and  the  organization of th e  contractile  ap p ara tu s  are fully developed. The 
u ltra s tru c tu re  of these cells is no t in all respects com parable to  th a t  of o ther 
types of m am m alian h eart muscle, b u t th e  features discussed here, which 
are re levan t to  th e  subject of ion tran sp o rt, are also encountered in o ther 
types o f m am m alian h eart muscle. F igure 6 shows tw o P urk in je  cells, each 
abou t two m icrons in d iam eter, separated  by an in tercellu lar cleft. Each 
cell is bathed  on one side by  th e  classical extracellular space, th a t  is, the  space 
betw een cells, and  on th e  o ther side, by  an  intercellular cleft. The figure also 
shows a cross-section th rough  a transverse tu b u le—a stru c tu re  lined by 
a  m em brane which is, by  u ltra s tru c tu ra l criteria, a p lasm a m em brane 
(S jöstrand  1963). The lum en of th is transverse  tubu le  can be shown by serial 
cross-sections to  be continuous w ith the  classical ex tracellu lar space on the  
one hand , and  w ith the  in tercellu lar cleft on th e  o ther hand. The P urk in je  
cells are th u s honey-com bed w ith  extensions of th e  ex tracellu lar solution 
from  the  in terspaces between cells which appear a t the  to p  and  bottom
m
o f the  figure. The ex tracellu lar extensions ru n  not only transversely , as in 
Nelson and  B enson’s reconstruction, b u t also parallel to  th e  long axis of the  
cell. Both transverse and  longitudinal channels are of restric ted  d iam eter 
w ith  a range of from  2000 to  3000 A. By m orphological criteria the  contents 
o f these channels should be able to  exchange w ith  the  classical ex tracellu lar 
space; under steady- s ta te  conditions their contents should have the  same 
ionic com position as th a t  o f th e  classical ex tracellu lar space. In  evaluating 
th e  ion exchange of tu b u la r system s in m am m alian h eart muscle, it should be 
em phasized th a t  bo th  th e  longitudinally  and transversely  oriented ex ten ­
sions of th e  classical ex tracellu lar com partm ent are very  m uch wider in th is 
tissue th an  th e  analogous transverse tubules of am phibian skeletal muscle 
as described, for exam ple, by Peachey (1965).
Suppose i t  is desired to  m easure the  exchange of cellular potassium  w ith 
rad ioactive potassium . The isotope is in troduced into th e  classical ex tra ­
cellular space (Fig. 6), and  th e  ra te  a t  which th e  muscle as a whole becomes 
rad ioactive is followed; in o ther words, the  potassium  influx at constant 
cellular potassium  conten t is m easured. A lternatively , th e  muscle is exposed 
for a long tim e to  rad ioactive potassium  u n til all th e  potassium  in the  muscle 
has exchanged w ith ex tracellu lar potassium . The ra te  a t  which the  muscle 
loses rad ioactiv ity  to  an  unlabelled solution (the outflux of labelled p o tas­
sium  a t  constan t cellular potassium  content) is then  m easured. In  cat heart 
muscle, influx and  outflux are found to  be th e  same. But w hat does such 
a  potassium  exchange mean ? Is the  cell m em brane of the  longitudinal su r­
face facing th e  classical space between cells equally  perm eable to  potassium  
and o ther ions as th e  m em brane lining th e  transverse tubu les or th e  in te r­
cellular clefts? S ta ted  differently, is the  pathw ay  for rad ioactive potassium  
ions m ost nearly  approx im ated  by an in series arrangem ent (classical ex tra ­
cellular space, tubule, cell) or by an in parallel arrangem ent in which both  
th e  classical ex tracellu lar space and  th e  tubules are in parallel w ith th e  cell ? 
I f  the  m em brane perm eability  for potassium  and o ther ions is uniform  
th roughout, how are th e  kinetics of exchange of a cellular ion affected by 
th e  long diffusion p a th  th rough  th e  tu b u la r extensions of th e  extracellu lar 
space? Does the  diffusion channel for small extracellu lar molecules cor­
respond to  th e  spaces between muscle cells ? And does th e  rest of th e  e x tra ­
cellular space, the  13 per cent of muscle w ater m easured by  th e  difference 
between th e  equilibrium  sucrose space and th e  diffusion channel for sucrose 
represen t th e  volume of th e  ex tracellu lar extensions, bo th  transverse and 
longitudinal ?
These questions rem ain unanswered. F igure 7 presents one exam ple of an 
experim ental problem  indirectly  re la ted  to  such questions. The figure shows 
th e  ra te  of exchange of cellular potassium  in ca t papillary  muscle as a func­
tion  of the  d iam eter of th e  muscle (Goerke and Page 1965). The to ta l cellular 
potassium  content is constan t under th e  experim ental conditions. The 
exchange of potassium  is observed to  increase strik ingly  as th e  d iam eter of 
these roughly cylindrical muscles becomes smaller. The results are the  same 
w hether the  direction of radioactive potassium  m ovem ents is in to  or out 
o f th e  cells. A fter m aking these m easurem ents, we counted the  num ber 
of cell nuclei per cross section of a  form aldehyde-fixed muscle as a rough 
index o f cell size. We observed th a t  muscles w ith sm aller diam eters have 
a  larger num ber of nuclei per microscopic cross section as seen in the  light
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F ig . 7 .—D ependence o f  the cellular potas­
sium exchange in the steady state on the 
diam eter o f eat papillary m uscles. T em ­
perature 27-5° C, external potassium  con­
centration 5-3 t o m  (Goerke and Page 1965)
microscope. On the  assum ption th a t 
th e  num ber o f nuclei per cell is a p ­
proxim ately  constan t, we concluded 
th a t  muscles w ith sm aller diam eters 
have more cells and cells o f smaller 
d iam eter, each cell having a  g reater 
ra tio  of surface to  volume. Such 
cells would therefore have more cell 
surface available for exchanging cel­
lular w ith ex tracellu lar potassium . 
The electron m icrographs o f pap il­
lary  muscles suggest th a t  th is in te r­
p re ta tion  m ay be oversimplified. 
The cell surface area available for the 
exchange of ions has conventionally 
been approxim ated  from the  a p p a r­
en t surface area seen w ith  th e  light 
microscope. The electron-m icro­
scopic finding th a t there  are both  
transverse  and  longitudinal ex ten ­
sions of th e  spaces betw een cells 
raises two fu rth e r questions: (a) 
W h a t fraction  of th e  surface av a il­
able for th e  exchange of potassium  ion is located in the  tu b u la r extensions 
of th e  extracellu lar space, and w hat fraction borders on th e  interspaces 
between cells ? A nd (b) is th e  ra tio  o f tu b u la r surface to  to ta l cell surface 
g reater for cells w ith  small d iam eters th an  for cells w ith large diam eters?
A ny a ttem p t to  re la te  electron-m icroscopic d a ta  to  a physiological 
m easurem ent m ust face up to  ano ther problem , th a t  of estim ating  to  w hat 
ex ten t fixation and  th e  o ther procedures by which h eart muscle is prepared 
for electron m icroscopy a lte r th e  shapes and  th e  re la tive volumes of the  
various com ponent tu b u la r systems? We are now system atically  m easuring 
these effects. We find th a t  conventional m ethods of fixation seriously alter 
the  perm eability  and  com position of h ea rt muscle (B. K ram es and  E . Page, 
unpublished observations). W e would therefore be very  hesitan t to  estim ate 
the  volum es and  areas in living h ea rt muscle from  volum es and  areas 
m easured in electron m icrographs o f fixed muscle. This is un fo rtunate , 
because i t  would be m ost in teresting  to  know how th e  various tu b u la r 
extensions behave under conditions like th a t shown in Fig. 8 (Page 
and  Storm  1966). In the  figure, the  w ater conten t of ca t h eart cells (calcu­
la ted  on the  basis of th e  m annitol space as a  m easure of extracellu lar water) 
is p lo tted  against the  reciprocal of th e  ex ternal osm olality. I t  is apparen t 
th a t  th e  cellular w ater con ten t decreases in hypertonic solutions and  in ­
creases in hypotonic solutions. The ex trapo lated  in tercep t on th e  ordinate 
is no t significantly different from zero. This observation is consistent with 
the in te rp re ta tion  th a t  all of th e  w ater in the  cell is free to  respond to  an 
increase in  ex ternal osm olality by a n e t m ovem ent ou t of the  cell. However, 
th e  u ncerta in ty  o f the  m easurem ent is such th a t  as m uch as 18 per cent 
o f cell w ater could be in an  osm otically inactive s ta te  (P <  0-1). In  very 
hypotonic solutions th e  h ea rt muscle cell is no longer an osm om eter; th a t  is,
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F i g . 8. — Cellular water content o f cat papillary m uscle as a 
function o f extracellular osm olality (Page and Storm 1966). 
Cell volum es were calculated using the m annitol space to  
measure extracellular volum e. External osm olality was va ­
ried by adding sucrose to a solution whose concentration  
o f NaCl was half th at o f  physiological cat R inger’s solu­
tion. Broken lines are two standard errors o f the estim ate  
from the least squares (solid line)
it no longer responds to  a decrease in the ac tiv ity  of w ater outside the cell 
by  a  cellular u p take of water.
G irardier and  co-workers (1964) have exam ined electron m icrographs of 
ra t h ea rt muscle exposed to  hypertonic or hypotonic solutions and then  
fixed w ith osmic acid. They conclude th a t raising th e  ton ic ity  results in an 
increase in th e  ra tio  o f m itochondrial volum e to  sarcoplasm ic volume. This 
conclusion needs to  be reviewed in th e  light of studies on isolated cardiac 
m itochondria by P acker (1960) and  by O’Brien and  Brierlev (1965). These 
studies indicate th a t  such m itochondria behave as perfect osm om eters over 
a ra th e r large range of extram itochondria l tonicities. G irardier has reported  
fu rth e r th a t  the  transverse tu b u la r system  dilates m arkedly in hypertonic 
solutions. Such d ilatations have also been described in the  skeletal muscle of 
am phibians (Huxley e t al. 1963, F reygang e t al. 1964) and  crustaceans 
(G irardier e t al. 1963). The in te rp re ta tions o f th is finding in m am m alian 
h ea rt muscle m ust aw ait more precise inform ation about th e  volum es of 
cardiac m itochondria, tubules, and  cytoplasm  in  vivo, com pared w ith their 
volum es a fte r fixation and a fte r the  o ther procedures prelim inary  to  electron 
microscopy.
U p to  th is po in t th e  discussion has been concerned w ith experim ental 
observations whose existence as a  phenom enon is independent of w hether one 
chooses to  analyze them  according to  the  m em brane theory , th e  fixed charge 
theory , or any  o ther theory . The phenom ena to  be considered nex t have 
usually been form ulated  in  term s of m em brane theory , b u t they , too, can 
be observed w ithout im posing a detailed  physical model on th e  d a ta . These 
phenom ena include first, ion m ovem ents associated w ith th e  action poten-
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27-5° C tial, secondly, ion m ovem ents 
during active ion tran sp o rt, 
and  th ird ly , m easurem ents of 
the  m em brane capacitance in 
heart muscle.
The H odgkin-H uxley  th e ­
ory of th e  ionic basis for exci­
ta tio n  and  impulse conduction 
in  nerve and  muscle (H odgkin 
1958) postu lates th a t  certain  
characteristic  m ovem ents of 
Na and  potassium  occur in 
association w ith an action p o ­
ten tial. W hatever position one 
m ay tak e  on th e  theoretical 
model underlying th e  h y p o th ­
esis, th e  observations of 
Hodgkin and  H uxley and  of 
m any o thers in various types 
of nerve and  muscle suggest 
th a t  net m ovem ents of so­
dium  and potassium  should 
occur during excitation  in 
heart muscle. N evertheless, an 
increased influx o f sodium  
and  an increased efflux of 
po tassium  have n o t to  d a te  been dem onstra ted  unequivocally in m am m a­
lian h eart muscle (Goerke and  Page 1965, Taylor 1962). F luxes of potassium , 
which are for technical reasons easier to  m easure th an  those of sodium , can 
be estim ated  w ith fair precision. Some explanations for the  fact th a t  m any 
observers have failed to  observe an  increased flux of potassium  or sodium 
uuring excita tion  have been advanced in  a m onograph by U. S jöstrand 
(1964). The p articu la r possibility to  be stressed here is th a t  a m ajor p a r t  
of the  tran sien t ion m ovem ents which accom pany th e  action po ten tia l m ay 
be occurring across th e  m em branes lining the  transverse and  longitudinal 
extensions of the  ex tracellu lar space. T h at is, th e  net fluxes m ay consist 
o f localized m ovem ents in to  and ou t o f spatially  restric ted  regions. In  these 
regions diffusion m ay be slow and is perhaps confined to  unstirred  layers at 
the  surface of th e  m em brane. The suggestion is neither new nor radical. 
R estricted  diffusion in sim ilar ex tracellu lar channels already is th e  basis 
of an extensive body of theoretical and  experim ental studies on frog skeletal 
muscle (G irardier e t al. 1963, S jöstrand  1964). However, th e  geom etrical 
relationships and  d istribu tion  of the  ex tracellu lar channels in m am m alian 
h ea rt muscle differ from  those in skeletal muscle (Page 1966a); th e ir d ia ­
m eter is p robably  g reater in  h eart muscle. Moreover, th e  cardiac action 
potential has a uniquely  long repolarization phase and other characteristics 
differing from  th e  action po ten tia l of skeletal muscle. In  bo th  types of 
muscle, we u rgen tly  need to  know th e  com position of the  solution in the 
channels, and  yet a reliable experim ental m ethod o f directly  sam pling th is  
solution is n o t y e t available.
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F ig . 9 .—Effects o f  cooling and rew anning on 
the intracellular concentrations o f  potassium  
(upper plot) and sodium  (lower plot) (Page and 
Storm 1965). The tem perature variations are 
indicated at the top
The ab ility  to  sam ple th e  fluid in the  tu b u la r system s of h ea rt muscle 
would also facilitate th e  s tudy  of ion m ovem ents usually considered under 
the  heading of active tran sp o rt. In  h ea rt muscle, as in skeletal muscle, there 
are several convenient ways of tu rn ing  active ion tran sp o rt off and  on (Page 
et al. 1964, Page and  Storm  1965). One way is to  cool the  muscle down to 
near zero degrees Centigrade. A t such low tem peratu res th e  active tran sp o rt 
of ions becomes slowed sufficiently to  d istu rb  th e  steady  sta te . The cells 
tak e  up  sodium  and lose potassium , and  th e  resting  p o ten tia l falls. These 
processes are reversed by  rew arm ing th e  muscle, which reactivates active 
tran sp o rt. The fall in  cellular K  concentration and the  rise in cellular N a 
concentration on cooling are illu stra ted  in Fig. 9, which also shows the  
com plete reversal of these changes abou t 30 m inutes a fte r rew arm ing. In  
Fig. 10 th e  recovery of the  m em brane po ten tia l is p lo tted  against the  tim e 
a fte r rew arm ing of th e  muscle (Page and  Storm  1965). The poin ts represent 
th e  resting po ten tia l of cells a t the surface of the  muscle; th e  vertical line 
denotes th e  tim e a t  which muscles, previously kep t in th e  cold for tw o 
hours, were suddenly rew arm ed. The absolute value of the resting po ten tial 
difference in th e  cold is low, b u t when th e  muscle is ab ru p tly  rew arm ed 
th e  po ten tia l rises to  control or higher values alm ost as fast as we can m easure 
th e  response. The resting po ten tia l of surface cells re tu rns to  high (negative) 
values w ith in  the  first m inute. B y contrast, th e  ionic com position of the  
muscle as a  whole rem ains unchanged from its  value a t 2-3° C and  does 
no t fully recover u n til 20-30 m inutes later. T h a t is, the  cellular sodium  
conten t is still high and  th e  cellular potassium  content is still low long a fte r 
th e  absolute value of th e  resting potential has reverted  to  a norm al or 
g reater th a n  norm al value.
I t  is no t stric tly  correct to  com pare the  results of m icroelectrode m easure-
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F i g . 10.—E ffect o f sudden rewarming on I 'm (Page 
and Storm 1965). The period o f rewarming is indicat­
ed by  a vertical bar. V m before rewarming is 25-6 
0-7 mV. The external K  concentration used for this 
experim ent w as 10 tom
m ents lim ited to  cells a t th e  surface o f the  papillary  muscle w ith the  m em ­
brane po ten tials and  ionic com position of the  muscle as a  whole, which 
includes cells lying deep w ith in  the  tissue. N evertheless, it  is probable th a t 
even in surface cells th e  recovery of th e  ionic com position lags behind the 
alm ost instan taneous recovery of th e  resting  poten tial. The argum ent, which 
is discussed in detail elsewhere (Page and  Storm  1965), rests on a calcu­
lation of the  net-fluxes, th a t  is, of the  ra tes of n e t tran sp o rt of potassium  and 
sodium  which would be required  for recovery o f th e  cellular ionic concen­
tra tio n s  in the  few seconds needed to  restore the  resting  po ten tia l a fte r 
rewarm ing. Such fluxes would have to  be a t  least two orders of m agnitude 
g reater th an  any  values ever ob tained  for heart muscle. The experim ental 
observations m ay th u s be sum m arized as follows: th e  absolute value of the 
resting po ten tia l is less th an  th a t  of the  potassium  equilibrium  poten tial, 
both  u nder control conditions and  in th e  cold, when active tran sp o rt is 
presum ably inhibited. But when the  tem peratu re  is suddenly raised, th a t  is, 
when active tran sp o rt is ‘sw itched on ’, the  norm al relationship between 
the  resting po ten tia l and  potassium  equilibrium  po ten tia l is reversed: the  
po ten tia l difference m easured w ith m icroelectrodes tem porarily  exceeds the 
potassium  equilibrium  potential.
Such a reversal of th e  norm al relationship between the  resting poten tial 
and  th e  potassium  equilibrium  po ten tial has also been reported  for frog 
skeletal muscle by  various laboratories (K ernan 1962, Mullins and  Award 
1965, Cross e t al. 1965, A drian and  Slaym an 1966). We chose an in te r­
p re ta tio n  of our observations on cat heart muscle, sim ilar to  the  in te r­
p re ta tions which have been m ade for frog skeletal muscle. T h at is, we 
suggested th a t  im m ediately a fte r rew arm ing the  resting po ten tia l is d e te r­
m ined a t least in p a r t by an  ‘electrogenic pum p’. The term  electrogenic 
pum p usually  refers to  a hypothetical carrier m echanism  which is capable 
of tran sp o rtin g  ions into or ou t of the  cell. I t  is characteristic of such a 
m echanism  th a t  it  tran sp o rts  ions in such a way as to  bring abou t a net 
transfer of charge, and thereby  generates an electrical po ten tial difference 
across th e  cell m em brane. The cardiac glycoside ouabain is considered to  be 
a  ra th e r specific inh ib ito r o f carrier-m ediated tran sp o rt. Our suggestion 
of an  electrogenic pum p therefore receives some support from  th e  observa­
tion  th a t  ouabain  com pletely prevents the  rap id  resto ration  of th e  resting 
po ten tia l which norm ally follows th e  rew arm ing of cat papillary  muscle. The 
suggestion is also consistent w ith earlier m easurem ents by Déleze on the  
response of th e  m em brane po ten tials of ungulate hearts to  rewarm ing 
(Déleze 1960). B u t to  postu la te  an electrogenic extrusion of sodium  is only 
to  open up a large num ber o f questions about th e  kinetics and stoichiom etry 
of such a mechanism. I t  is desirable to  define th e  relationship of sodium 
extrusion ra tes to  th e  in tracellu lar and extracellu lar concentrations of 
sodium  and potassium , as well as to  q u an tita te  th e  coupling between m ove­
m ents of sodium , potassium , calcium, and  hydrogen ions. In spite of a 
num ber of careful studies (Langer 1966), even th e  steady  s ta te  exchange of 
cellular sodium in m am m alian h ea rt muscle has no t, in m y opinion, been 
satisfactorily  m easured to  date . The reason is th e  com plexity of sodium 
exchange in th is  tissue, which has been confirmed in our laborato ry  (un­
published observations). The analysis of th e  tim e course of th is  exchange by 
conventional kinetic m ethods (Haas 1962) requires a num ber of arb itra ry
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assum ptions. The basis for the difficulty is not a particu la r tissue model 
based on m em brane theo ry  or fixed charge theory , b u t ra th e r our inability  
to  perform  a m eaningful com partm ental analysis on h eart muscle, and  our 
inability  to  re la te  ion m ovem ents and electrical po ten tia l differences to  the  
appropriate  anatom ical portion  of th e  m em brane or to  th e  appropria te  
organelle.
One ought no t to  leave a discussion of ion tran sp o rt in heart muscle 
w ithout m entioning one of the  classical applications of m em brane theory , 
th e  analysis o f a cell as a cable. Fozzard  (1966) has recently  repeated  W eid- 
m ann’s (1952) original m easurem ent of the  m em brane capacitance in cardiac 
Purk in je  fibers and ex tended  these m easurem ents to  higher frequencies. 
On the  basis o f an  analysis sim ilar to  th a t  published by Falk and  F a tt (1964) 
for skeletal muscle, Fozzard has shown th a t  th e  m em brane capacitance 
behaves as if it had tw o com ponents—one in parallel and  one in series with 
th e  m em brane resistance. He has presented evidence suggesting th a t  the 
resistance o f the  salt solution in th e  transverse tubules m ay vary  w ith the 
conductiv ity  of the  ex tracellu lar solution. Thus all of th e  classical in te r­
p re ta tions of m em brane theory  as applied to  m am m alian h eart muscle are 
undergoing m odification to  take  into account the  peculiarities of cardiac 
u ltras tru c tu re .
W here does th a t  leave us w ith respect to  a theoretical approach to  ion 
tran sp o rt in m am m alian h ea rt m uscle? I t  seems p ruden t to  re s tric t the  
answer specifically to  m am m alian h ea rt muscle. For th is particu la r tissue 
th e  application of m em brane theo ry  has proved useful in th a t  th e  areas 
where classical m em brane theo ry  tu rn ed  ou t to  be inadequate are exactly  
th e  areas on which in terest is focussed today . The m ost in teresting observa­
tions are usually independent of th e  theoretical approach used — startin g  
from ano ther series o f assum ptions, an experim enter would dem onstrate  
essentially th e  same phenom ena. Moreover, th ere  are im portan t aspects of 
ion tran sp o rt in heart muscle which do no t a t present lend them selves to  
theories abou t th e  n a tu re  of m em branes or of cytoplasm . Two exam ples of 
such aspects are the  Ca ion m ovem ents associated with ex c ita tio n -co n trac­
tion coupling, or th e  m ovem ents o f calcium, potassium  and  hydrogen ions 
in m itochondria.
W e m ight tak e  th e  position th a t  bo th  th e  m em brane theo ry  and  th e  fixed 
charge theo ry  are sweeping generalizations, and  as such th ey  are of h isto ­
rical significance. B u t in cardiac muscle good m easurem ents are, a t  th is 
particu lar tim e, more im p o rtan t th an  sweeping generalizations, and  m any 
good m easurem ents still rem ain to  be made.
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G E N  E  H A L J) J S C Ü S S  I O X
T ig y i (Biophysical In s titu te , Medical U niversity, Pécs): One of th e  m ost 
im p o rtan t suppositions o f classical m em brane theo ry  is th a t  all ions are 
uniform ly d is trib u ted  w ithin th e  muscle fibre. I  should like to  present two 
experim ental results which cannot be understood  in th is way.
1. R adioautographic localization of the  potassium  in th e  th in  sections 
of frog toe muscles shows a selective accum ulation of th e  potassium  in the  
anisotropic sites of the  cross stria tion  (Fig. 11). These rad ioautographic 
resu lts are no t new, th ey  confirm only th e  earlier resu lts of E rn s t and  
Tigyi-Sebes, which were perform ed with th e  m ethod of hvstochem istry  and  
m icroincineration. I f  th e  concentration of potassium  in the  fibre differs 
according to  the  cross stria tion , how can we calculate the  concentration 
values for th e  N ernst equation  ?
2. Prof. Page has shown the  discrepancy between th e  potassium  con­
centration  of fibre and  th e  resting po ten tia l in the  case of cat heart papillary  
muscle. We have achieved sim ilar results on frog muscles (liana pipién*  and 
B ufo asiaticus). F igure 12 shows the  changes in  the  resting po ten tia l as a 
function of tim e if  we change the  osm otic concentration in the  ex ternal 
fluid (by adding 24 g of sucrose to  the  100 ml Ringer solution). In  these 
experim ents no significant change in potassium  was m easured, b u t th e  
resting  po ten tial has dropped nearly to  the  half value of th e  original one. 
The resting  po ten tia l increases again, a fte r changing the  hypertonic solu­
tion  for norm al R inger, i.e. the  phenom enon looks to  be nearly  reversible.
F ig . 11
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The ex tracellu lar space (m i­
lieu, sucrose) and  th e  chloride 
conten t did  no t show significant 
shifts, therefore, K e rn an ’s a r ­
gum ent (1964) against K oketsu 
and  K im u ra’s experim ents can ­
not be valid  for our experi­
ments.
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Kernan, R . P . (1964) N ature  204, 83
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P a g e : One of th e  questions 
raised by  D r T igyi’s observa­
tions is w hat fraction  of the  
potassium  in a muscle cel) 
exists as potassium  bound to  
the  proteins of th e  myofibril. I  
once m ade a calculation of th is  fraction for the  potassium  ion in th e  cells 
of m am m alian h eart muscle. B ased on th e  Scatchard  plots of potassium  
binding to  myosin B, published by Lewis and  Saroff, th e  potassium  so bound 
would represen t a m inute fraction  o f th e  cellular con ten t of th is  ion. Based 
on th e  m uch larger estim ates for potassium  binding, suggested by  Banga, 
the  to ta l potassium  associated w ith myofibrils should no t exceed about 
2 per cent of cellular potassium .
T i g y i : In  our rad ioautographic experim ent, th e  toe muscles were in ­
cubated  3-4 hours in a R inger solution containing th e  potassium  in a high 
specific ac tiv ity  (600 mC/g).
I  estim ate the  percentage of th e  potassium  exchange—according to  our 
sartorius experim ents—is abou t 30 per cent. I  suppose, therefore, we get 
the  inform ation m ainly abou t the  localization of fibre-potassium  in the  
cross striations.
V a r g a : D r Page showed a  figure according to  which he found significant 
differences as far as the  m easured and  calculated m em brane po ten tia l values 
are concerned. On th e  o ther hand, it is well known th a t  H odgkin and 
Horowicz found alm ost the  same values as calculated on th e  basis of the 
N ernst equation on s tria ted  muscle. My question is w hether in  your opinion 
th is difference is explainable, considering th a t you obtained  these d a ta  on 
h eart muscle ?
S t r ic k h o l m : The observations on muscle m em branes which show th a t 
the  m em brane po ten tia l has a  slope of 58 mV for a  tenfold change in external 
potassium  do no t necessarily indicate a m em brane which is p redom inately  
potassium  perm eable. Such a conclusion is based on o ther additional assum p­
tions, one of which is th a t  the  in tracellu lar concentrations rem ain unchanged 
during an  ex ternal ion shift. In  addition, w hat is often recorded is th e  steady 
s ta te  m em brane po ten tia l against ex ternal potassium . This is no t the  same 
as th e  instan taneous po ten tial dependence of th e  m em brane on an ion. 
R ecently , D r W allin of U ppsala  U niversity  and I  have re-exam ined in 
crayfish giant axons the  in te rp re ta tion  of th e  observations which show
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a 58 mV po ten tia l change for a ten-fold change in ex ternal potassium . We 
found a t elevated ex ternal potassium  levels, where there is a 58 mV change 
for a ten-fold change in potassium , th a t  the  instan taneous change in mem 
brane po ten tia l to  a ten-fold  change in potassium  was only 20-30 mV and 
only w ith  tim e (5-20 m inutes) did the  m em brane po ten tia l approach 
a stable steady  s ta te  giving a 58 mV change. During th is  approach to  
a steady  s ta te  m em brane poten tial, the  in tracellu lar ion concentrations were 
observed to  shift. Therefore, each of the  points on a p lo t of steady  s ta te  
m em brane po ten tia l against ex ternal potassium  represent entirely  different 
cells and  any  conclusions draw n m ust tak e  th is in to  account. In  th e  cray ­
fish g ian t axon, the  m em brane appeared  to  be equally  perm eable to  p o tas­
sium and  chloride in th a t  region where th e  steady  s ta te  m em brane poten tial 
appeared  to  vary  in a N ernst m anner with l’espect to  potassium . In  muscle, 
therefore, sim ilar caution m ust be exercised in in terp re ting  th e  significance 
of th e  steady  s ta te  m em brane po ten tia l dependence on an  ion.
Au b e r t : I  would rem ind D r Page th a t C arm eliet (1961) has shown by 
d irec t experim ents perform ed bo th  in W eidm ann’s laborato ry  and  in his 
own labora to ry  in Louvain , th a t  a t  low K -concentration in th e  external 
medium  th e  conductance and  th e  perm eability  to  potassium  ions are de­
creased in th e  case of Purk in je  fibres of the  sheep heart. This fact helps to  
explain th e  d ep artu re  from  linearity  of th e  resting potential vs log K  con­
centration  plot, according to  the  ionic theo ry  of m em brane potential.
R E F E R E N 0  E
Carmeliet, El. E. (19(51) Chloride arul Potassium  Perm eability in  Cardiac P urk in je
Fibres. E ditions Arscia, Brussels
Strickholm : The m easurem ents which W eidm ann m ade w ith in tra- 
cellularly applied step  currents to  determ ine m em brane im pedances of 
cardiac muscle are generally quite difficult to  in terpret. Prof. T. Teorell of 
U ppsala has shown w ith artificial m em branes th a t when a step  curren t is 
applied across a m em brane, th e  po ten tia l changes observed m ay no t neces­
sarily provide a m easurem ent of m em brane conductance or im pedance. I f  the 
in teractions between voltage, curren t, and  w ater tran sp o rt across m em ­
branes are considered, m any  alte rna tive  in terp re tations are possible as to  
the  n a tu re  of the  relationship  betw een m em brane po ten tia l and  applied 
current, only one of which is th a t  th is relationship gives a m easure of 
m em brane im pedance. T h at such difficulties of in te rp re ta tio n  occur is seen 
in th e  voltage clam ped frog sartorius muscle, where tran sien t inward cu r­
ren ts can flow w ithout any  corresponding im pedance changes.
I  am  inclined to  agree w ith the  view of D r Page which holds th a t the  tim e 
relationship of the  active ion currents in cardiac muscle have no t yet been 
determ ined.
D ydyjstska: I  should only like to  give a  short com m ent in connection 
w ith th e  m agnitude of th e  ex tracellu lar space in muscle. Using th e  sartorius 
o f Rana esculenta (weighed, d rained and  n o t b lo tted) as skeletal muscle, in 
100 mg tissue th e  d ry  m aterials am ount to  18-5 mg, including 12-8 mg p ro ­
teins. E x tracellu la r w ater is 47 pi and fibre w ater 34-5 pi. E xtracellu lar 
space was m easured w ith sucrose th a t, according to  Bovler, en ters into the
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fibres, b u t no t in to  th e  m yofibril space. The volum e of m yofibrils calculated 
from  th e  d a ta  given above am ounts to  51 per cent, which is far less th an  
80 per cent assum ed by  D r H anson in her calculation for ra b b it muscles 
(1963). The re la tion  betw een fibre w ater and  p ro tein  conten t, however, is
2-70, and  th a t  is very  sim ilar to  2-75, calculated for rab b it muscle.
R E F  E K E N C E
H anson, J . (1963) J . M ol. B io l. 6, 46
B e n s o n : My colleagues and  I  have looked a t th e  u ltra s tru c tu re  of heart 
muscle, using th e  electron microscope. The ty p e  of s tru c tu re  D r Page 
describes (abundan t in tracellu lar clefts and  very  small cell diam eters), in our 
experience is n o t characteristic o f m am m alian h ea rt muscle w ith  th e  excep­
tion  o f P u rk in je  cells. M am m alian h ea rt muscle cells characteristically  have 
diam eters around  10 p  and  do no t contain  th e  in tercellu lar clefts seen in 
P urk in je  cells. On th e  o ther hand, frog m yocardial cells have num erous 
in tercellu lar clefts, average cell diam eters around 2 p, sparse sarcoplasm ic 
re ticu la r and no transverse  tu b u la r system  (Staley and  Benson 1966). Also 
I  would like to  ask D r Page to  com m ent on possible relationships between 
th e  characteristic  fine s tru c tu re  he finds in m am m alian h eart muscle and  
differences in th e  process of ac tiva tion  o f contractile un its in h ea rt and 
skeletal muscle.
R E F E R E N C E
Staley, N . E . and Benson, E. S. (1966) J .  Cell B iol. 31, 112A
P a g e : We have no t ourselves looked a t  the  u ltra s tru c tu re  of frog muscle 
w ith th e  electron microscope. W ith  respect to  D r B enson’s question about 
th e  re la tive m agnitude o f longitudinally  and  transversely  oriented extensions 
of th e  extracellu lar solution in  various forms of h ea rt muscle, X th in k  the  
answ er m ust aw ait a three-dim ensional reconstruction  o f these tissues. 
F . S. S jöstrand  has developed m ethods which now m ake it  possible to  
reconstruct a cardiac cell in th ree  dim ensions from  the  electron m icrograph 
of (consecutive) serial th in  sections (600 A). These m ethods are tedious and  
ra th e r difficult, b u t the  am ount o f additional inform ation more th an  com ­
pensates for th e  additional work. To answer D r B enson’s question about 
our u ltra s tru c tu ra l observations on the  diads involved in exc ita tion -con­
trac tio n  coupling in m am m alian h ea rt muscle: we have found th a t diads, 
th e  organelles presum ed to  be the  sites o f localized Ca-release and  C a-uptake 
during exc ita tion -con trac tion  coupling and  re lax a tio n , are d is trib u ted  very  
differently in  cardiac muscle, as com pared w ith frog skeletal muscle. In  the  
cat heart, d iads are present, no t only along the  transverse tubules, b u t also 
a t  the  p lasm a m em brane lining th e  cell surface and  th e  longitudinally  
orien ted  clefts between cells. I f  the  ac tiva tion  o f the  contractile  elem ents is 
re la ted  to  the  release of calcium  ions by  th e  diads, th e  different geom etrical 
d istribu tion  of diads suggest a different p a tte rn  of activation  for m am m alian 
cardiac muscle and  frog tw itch  muscle, respectively.
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E r n st : Concerning th e  question m entioned by Page th a t  some p a r t  of 
th e  potassium  con ten t of the  h ea rt behaves itse lf differently from  th a t  of the  
o ther p a rt, I  should like to  show you Fig. 13.
Frog h eart was perfused w ith  K-less R inger solution. A fter a certain 
period, i t  contained b u t 1/2—1/3 of its  original K -conten t, i.e. abou t 0 1 - 0 2  
mg K , and  stopped  beating. In  th is  condition electric stim uli caused single 
contractions w ithout restoring th e  au tom atic ity . B u t au to m atic ity  reappea­
red again when th e  K-less solution had been exchanged to  a norm al R inger 
solution containing 0-1 mg K  per ml. Thus th e  question arises, how it  is to  
be explained th a t  th e  h ea rt stopped  beating when it still contained a certain 
am ount of K  b u t it  re s ta rted  beating due to  th e  norm al R inger solution 
containing less K  th an  th e  h eart (E rnst 1966).
R  K F  I-: U K N C E
E rnst, E . (1966) A cta  biochitn. biophys. A cad. Se i. huny. 1, 55
W i l k i e : I  should like to  raise th e  question, w hether th e  perm eability  
changes due to  electric stim ulation  and/or to  th e  potassium  con ten t newly 
given to  th e  h ea rt could explain E rn s t’s results.
E r n s t : I  am  no t on friendly  term s w ith  conceptions like perm eability  
changes in m em branes, which has never been precisely localized and  con­
cretely identified. B u t in  th is  case the  chief po in t is th a t  sim ilar experim ents 
were perform ed also on pieces of th e  sinus venosus of the  frog heart. And 
these pieces behaved in  th e  sam e m anner as th e  whole h ea rt inasm uch as 
th ey  stopped  beating in  a K-less solution and  re sta rted  beating  in  a norm al 
R inger’s solution containing potassium .
B en so n : The possibility of explaining th e  different effects of th e  potassium  
contained in th e  h ea rt itse lf  and  in  th e  R inger’s solution could perhaps be 
found in th e  circum stance th a t th ey  are localized in different com partm ents 
o f th e  h e a r t?
E r n st : A nd the  explanation for th e  sim ilar resu lts gained on pieces of 
th e  sinus venosus ?
P a g e : Prof. E rn s t’s description of the  contraction  of the  frog h ea rt which 
has been depleted  of potassium  rem inds me of som ew hat sim ilar observations 
in ca t h ea rt muscle. Bv pre-incubating  ca t pap illary  muscles in th e  cold, 
th e  cellular potassium  con ten t can be reduced to  low values and  th e  in tra -
10* 147
cellular sodium  concentration can be raised to  a value which approxim ately  
equals the  norm al ex ternal sodium concentration. Nevertheless, such muscles 
begin to  con tract spontaneously as soon as the  tem peratu re  is raised to  
27-5° C.
B o w e n : In  1952, work in m y labora to ry  showed t h a t  10~6 m digoxin 
accelerated  th e  A TP-induced shortening (synaeresis) of myosin B threads. 
In  th e  following year, Robb and  Mallow confirmed th is finding.
In  1960, Skou and  P ost showed th a t  ouabain affects the  ‘m em brane, 
ATPase of crab nerve and  hum an ery throcytes. Since ATPase are though t 
to  be necessary for active ion tran sp o rt, i t  is n a tu ra l to  speculate th a t  if is 
th rough  ion tran sp o rt across m em branes th a t  cardiac glycosides exert their 
inotropic effect. Consequently, these results and speculation d ispute the  
findings by  m yself and  R obb th a t  the  glycosides exert their inotropic effect 
d irectly  on th e  contractile  protein. The problem  g rav ita tes to  w hether the  
inotropic effect is d irect on th e  contractile  p roteins or on an  energy supply­
ing reaction. The effect has recently  been re investigated  in the  laborato ry  
o f D r Manuel Morales, San Francisco, by  several investigators including 
myself. Myosin B was m ade by a process modified to  give m axim um  p urity  
of p roduct. R ab b it skeletal muscle and  beef h eart were used. The contractile 
process was followed by  E b ash i’s m ethod for assaying superprecipitation. 
This m ethod was thoroughly  perfected in San Francisco by Yasui and 
W atanabe.
O ptical density  changes in  the  superprecip itating  actom yosin were 
followed by m eans o f a  Zeiss spectrophotom eter used as densitom eter. The 
changes in density  were recorded in un its of optical density  on a Minnea- 
polis-Honeywell R ecorder. R ates of A TPase were studied bv m eans of a p 11 
s ta t  in parallel b u t separate  experim ents. Protein concentration in the  
reaction m ix ture was 0-01 per cent and ATP concentration was 1 raM 
(to investigate ra tes of superprecipitation) and  0-05 m u  (to investigate 
ex ten ts  of super precipitation).
The resu lts show th a t  th e  ra te  o f superprecip itation  was increased about 
50 per cent and  th a t  th e  ex ten t of superprecip itation  was increased about 
25 per cent by  10“ 9 m  ouabain. Both th e  ra te  and  th e  ex ten t of super­
precip ita tion  were also increased by 10~i m  ouabain. The reason for th is 
double optim um  is unknow n, b u t 10 ~9 M is as low or lower th an  th e  con­
cen tration  of cardiac glycoside which will ju st show an inotropic effect on 
living h ea rt muscle.
D eterm inations of ATPase ac tiv ity  in parallel experim ents show th a t  the  
sam e concentration of ouabain affects th e  ATPase ac tiv ity  of myosin B. 
The ra te  of u tilization of ATP was increased 50 per cent when 10-9 M 
ouabain  was included in th e  reaction m ixture. The high concentration of 
10~4 m  ouabain also increased the  ATPase activ ity . The ATPase ac tiv ity  
o f myosin A was no t increased by  any  concentration of ouabain tested .
Digoxin a t  10_1° m was associated w ith a large increase in th e  ra te  of 
superprecipitation. The effects of digoxin on ATPase ac tiv ity  of myosin 
were no t tested .
A possible explanation  of th e  effect of concentrations of ouabain  and 
digoxin of such low m agnitudes as presen ted  above is offered in th e  un ­
abridged paper in th e  Septem ber issue a t Circulation Research (Xol. 19, p. 
496) under th e  au thorsh ip  of Stowring, Bowen. M attingly and  Morales.
I4S
Jo u rn a l references to  th e  au tho rs cited  above are also included in the  com ­
plete report.
G er g e l y  : 1 wonder if  you would com m ent on the  fact th a t  in th e  lower 
concentration range ouabain seems effective in a  m olar concentration th a t 
is perhaps 100 tim es lower th a n  th e  m olar concentration of myosin.
B o w e n : One can only say in reply to  D r Gergely’s request th a t  there  may­
be reactive sites of im portance to  superprecip itation  which are less con­
cen tra ted  th an  the  superprecip itating  protein. This po in t is em phasized by 
Stow ring and co-workers. Also, th e  possibility exists th a t  cardiac glycosides 
ac t as ca ta lysts  and  are effective a t concentrations lower th a n  the  substra te  
involved. The 0-01 per cent concentration  of myosin B is possible 10-8 m 
if  107 is accepted as m olecular weight, b u t if  myosin A only is involved, 
th e  m olarity  is abou t 2 X 10~6.
E d m a n : A rough estim ate o f th e  concentration of the  cardiac glycoside 
in th e  ex tracellu lar fluid during digitalization would give us a value of 
10_7- 1 0 -8 M/litre. However, we know very little , so far, abou t th e  glycoside 
concentration inside th e  m yocardial cell. There m ay well be an accum ulation 
intracellu larly , so your concentration of 10 m m ay no t be unreasonably  h igh . 
The very  m arked frequency-dependence of th e  inotropic effect of digitalis 
(Edm an 1965) suggests th a t  the  m ost im p o rtan t com ponent in th e  digitalis 
effect is an action on the  excita tion -con traction  coupling ra th e r th an  on th e  
actom yosin system  itself.
R E F E R E N C E
Edman, K . A. P . (1965) A n n . Rev. Pharm acol. 5, 99
B o w e n : Besides exc ita tion-con traction  coupling being involved in positive 
inotropism , cardiac glycosides are tho u g h t by  some workers to  ac t th rough  
an effect on m em brane perm eability . We are saying th a t perhaps th e  effect 
is d irectly  on th e  contractile  protein. W hichever system  th e  effect is th rough  
it has been shown by O kita and  his colleagues th a t  digitalis does no t accu­
m ulate in any  tissue except those th rough  which it  is elim inated (O kita et 
al. 1955, S p ra tt and O kita 1958). Also, th ey  found th a t  digitoxin did not 
bind to  tissue proteins such as cardiac. G oodm an and  Gilm an w ithdrew  
th e ir s ta tem en t th a t  cardiac glycosides m ay accum ulate in h eart tissue, in 
th e  second edition of th e ir pharm acological tex t.
E E  F  E  R E N C E S
Okita, G. T., Talso, P . J ., Curry, .7. H ., Sm ith, F . D . and Ceiling, E . M. (1955 
■/. Pharm acol, exp. Ther. 113, 376
Spratt, J. L. and Okita, G. T. (1959) I . Pharm acol, exp. Ther. 124, 109, 115
Sl e a t o r : W e have stud ied  the  effects of glycosides on living h ea rt m uscle 
and find th a t  one way to  sum m arize them  is to  say th a t  glycosides appear 
to  m ake the  tissue more sensitive to  calcium in th e  ex ternal m edium . In  your 
preparation, w hat is th e  relation between the  ouabain effect and  the  con­
cen tration  of calcium in th e  medium ?
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JB o w e n : We m ay no t have done th e  experim ent you have in m ind, bu t 
we did  dem onstrate  th a t  in th e  presence of 10-3 M CaCl2 there was no specific 
effect of th e  cation on th e  ouabain  effect.
T ig y i: I  would like to  show ano ther difficulty of th e  m em brane theo ry  
concerning the  active muscle. As H odgkin and Horovicz have published 
(1959) (sorry th a t  neither o f them  is p resen t a t our Symposium ), th e  am ount 
of potassium  and  sodium  exchange in a single fibre is in  th e  order o f m agni­
tu d e  10~n  M /cml Calculations based on these d a ta  should give an  exchange 
of potassium  in th e  active muscle, a fte r ten  thousand  tw itches, near to  
100 p er cent.
We could have never shown a higher exchange in  potassium  under th e  cir­
cum stances m entioned above when we stim ulated  indirectly . W hen using 
direct stim uli th e  exchange rises up to  40 per cent. Therefore, we suppose 
(Tigyi 1959) th a t  the  w ay o f stim ulation  plays a very  im p o rtan t role in the  
evaluation o f th e  ion exchange m easurem ents.
R E F E R E N C E S
Hodgkin, A. L. and H orovicz, P . (1959) J . P hysio l. 145, 405 
Tigyi, J . (1959) A cta  physio l. A cad. Se i. hung. 16, 93
St r ic k h o l m : D id you use sum m er or w in ter frogs in your experim ents? 
Frog muscles are repu ted  to  change th e ir physiological and  pharm acological 
properties from  sum m er to  w inter.
T ig y i : We have used frogs of all seasons, and no significant differences 
were observed.
Sr e t e r : I  would like to  ask D rT ig v i’s com m ent on G rob’s experim ent, 
in which he m easured arteriovenosus potassium  concentration difference 
in  th e  stim ulated  forearm  of hum an subjects. They reported  a  ra th e r large 
potassium  efflux ind icating  potassium  depletion of th e  indirectly  stim ulated  
muscles.
T ig y i : In  G rob’s experim ents, th e  circulation was a closed system , so 
th e  m etabolic by-products of th e  contraction flowed repeatedly  th rough  the  
active muscle. As earlier studies of E rn s t have shown, under such circum ­
stances, a  significant decrease in ions appears regularly. However, th is 
effect is considered b y  us as a  secondary phenom enon.
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M E C H A N I C A L  A C T I V I T Y  O F  S T R I A T E D  M U S C L E
F. F. JöBSis
D E P A R T M E N T  O F  P H Y S I O I O G  Y,  D U K E  U N I Y E  R  S 1 T Y  M E D I C A L
C E N T E R ,  D U  R H  A M
In  th is  lecture I  would like to  advance some though ts and  experim ents on 
muscle contraction viewed as a  sequence of chemical reactions. Such an 
approach is certain ly  n o t new, b u t it m ight be considered th a t  its applica­
tion  has been som ewhat neglected so th a t  i t  has p layed  b u t a m inor role 
in th e  physiological investigation  of m uscular contraction. This is no t 
caused by  a lack o f in terest on th e  p a r t  of muscle physiologists in th e  d a ta  
yielded by  biochemical studies, bu t m ay well be a long-term  holdover of 
some historical trends.
In  1871, B ow ditch enuncia ted  his ju stly  famous and  m uch m aligned 
all-or-none law. Ju s tly  fam ous, because it sum m ed up  in very  simple form 
some cardinal features of cardiac physiology. Much m aligned, because 
la ter it was also a ttem p ted  to  apply  th is  simple law to  skeletal muscle. 
But, over th e  years it lias been shown th a t it is no t a law applicable to  the  
la t te r—not to  entire muscles and  no t even to  single muscle fibers. Onlv 
electrical m em brane phenom ena w ith an  absolute refrac to ry  period appear 
to  be governed by it. However, in  th is tren d  o f th ink ing  a theo ry  was 
proposed in which th e  action po ten tia l supposedly produced a new sta te  
in th e  muscle. This was to  occur com pletely and  alm ost instan taneously  in 
response to  a single effective stim ulus. Bv the  electrical m em brane events 
the  p rim ary  m echanical com ponents of muscle were supposedly changed 
from  a flaccid to  a ta u tly  stre tched  condition, i.e. a new elastic body was 
created. The inheren t po ten tia l energy of th e  new system  was th en  used 
for tension developm ent and  shortening. A lthough a sim ilar theo ry  had  
been proposed before B ow ditch’s law, only a fte rw ard  did  th e  new version 
become dom inant. This occurred especially when the  concept appeared to  
be in  agreem ent w ith  certain  heat m easurem ents.
In  1923, th e  classic experim ents of Fenn (1923) showed th e  fallacy of 
th is theory . He reasoned th a t  the  degradation of th e  newly created  elastic 
s ta te  to  the  resting s ta te  could resu lt only in th e  u tilization of th e  energy 
difference between th e  tw o states. Various form s o f m echanical ac tiv ity  
such as tension p roduction , shortening and  work could be perform ed a t 
th e  expense of th is fixed q u an tity  of energy. B u t th e  sum  o f th e  th ree  
param eters should be th e  same under different mechanical arrangem ents. 
His experim ents proved, however, th a t  the  to ta l energy expended by the  
muscle depended critically  on th e  weight of th e  load lifted  during th e  
contraction (Fig. 1). From  a large am ount of experim entation  of th is  ty p e  
it has become clear th a t  F en n ’s resu lt is correct. However, th e  shape of 
th e  energy curve as a function o f the  load varies considerably depending
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on th e  ty p e  of muscle used, and  th e  tem p er­
a tu re  a t which the  experim ent is run. Fischer 
showed for instance, by  m easurem ent of 
heat production and  of ox idative recovery 
m etabolism  th a t  the  energy utilized by m ini­
mally loaded isotonic contractions can be far 
lower th an  th a t  used by  isom etric ones and 
th a t th is  difference increases w ith raised 
tem peratu re  (Fig. 2) (Fischer 1928, 1930, 
1931). Nevertheless, w ith  respect to  the  
new -elastic-body theory , the  im portan t fact 
rem ains th a t  energy utilization varies as a 
function of the  load.
Fenn clearly po in ted  out th a t  his results 
were incom patible witli the new -elastic-body 
theo ry  and  th a t  th ey  led to  a po int of 
view th a t  energy utiliza tion  depends on 
processes which v ary  w ith the  shortening, 
tension and  work param eters. This conclu­
sion suggested th a t a sequence of reactions 
m ust tak e  place w ith  a tim e course ex ten d ­
ing th roughou t the  period of m echanical 
ac tiv ity  an d  th a t  th e  energy utilized in such 
reactions was influenced by the  m echanical s ta te  of the  muscle th ro u g h ­
ou t the  contraction.
In  1934-36, I). E . S. Brown (1934, 1936) showed th a t th e  well-known 
effect of hydrosta tic  pressure on muscle con tractility  was m ediated  p r i­
m arily bv a process oc­
curring m ainly before the 
m echanical reaction of 
the  muscle (Fig. 3). The 
effect of high hydrosta tic  
pressure rests on the 
occurrence of volum e d if­
ferences betw een the  re ­
ac tan ts  and  p roducts of 
a chemical reaction. Since 
muscle contraction is ac ­
com panied by a decrease 
in volume, as shown by 
F rnst (1963), hydrostatic  
pressure tends to  increase 
the  ex ten t of th e  reaction 
and  th u s th e  resulting 
tension is increased. By 
rapidly  applying h ydro ­
sta tic  pressures o f several 
hundred  atm ospheres at 
some variable tim e after 
the stim ulus, Brown
i
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F ig . 2. — Shortening, work and 0 2-consum ption d u ­
ring oxidative recovery shown as a function o f the 
load. Frog sartorius, 11-7°C. Each point is the result 
for a series o f  single tw itches (Fischer 1931)
ergs x 102
F ig . I .—The Fenn effect. The 
extra heat liberated and the 
work performed are shown as 
a function o f the load lifted by  
the frog’s sartorius in short te ­
tany (Fenn 1923)
showed th a t  application early in the 
contraction  cycle produced the  g re a t­
est tension increm ent. The effect 
was m ost easily sum m arized by  p lo t­
ting  th e  ex tra  tensiondeveloped in re ­
sponse to  the  pressure as a function 
of th e  tim e a t which the  pressure 
was applied. Thus he arrived  a t the 
tim e curve of a process th a t s ta rted  
im m ediately upon stim ulation  and 
reached a  m axim um  very early  in 
th e  rise o f isom etric tension. These 
resu lts he in te rp re ted  as showing 
th a t  th e  m echanical events are p re­
ceded by a reaction which is accom ­
panied by a large decrease in the 
volum e of the  product as com pared 
w ith th a t  of the  reactan ts. Since it 
occurs very  early in th e  tw itch  Brown 
designated th is th e  'ex-process’. His 
general in te rp re ta tion  was th a t  u n ­
der th e  influence of the  hydrostatic  pressure an  increased am ount of 
th e  p roducts was form ed by the  a-process. This caused in tu rn  a higher 
am ount of tension production in the  subsequent reactions. These experi­
m ents proved, therefore, th a t  a sequence o f reactions takes place, one 
o f which results in th e  externally  m anifest m echanical response of the 
muscle.
Shortly  afterw ards, Dubuisson (1937, 1939) published the results of his 
novel experim entation  on pH  changes in contracting muscles. W ith  the 
aid of a specially designed glass electrode th a t  was in con tac t w ith the  
muscle, he dem onstrated  th a t a  series of pH fluctuations occurred during 
and a fte r the  contraction (Fig. 4). The various phases of these changes 
were in terpreted  as evidence for the  occurrence of a num ber of different
reactions yielding or absorbing 
H  + -ions.
These th ree  experim ents, d e ­
m onstrating the  Kenn effect, the 
x-process and  th e  pH changes, 
m ight well be considered the 
s ta rtin g  point of a kinetic 
approach to  m uscular con trac­
tion. From th is po int of view 
th e  m echanical perform ance of 
s tria ted  muscle is the  resu lt 
of a num ber of sequential re ­
actions, which are triggered by 
the action poten tial. Such a 
kinetic concept carries w ith 
it certain  predictable conse­
quences concerning th e  energe-
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F i g . 4. —  Changes in pH  during and following 
the contraction o f  m uscle from  the frog’s stom ­
ach (Dubuisson 1939)
1
Fig . 3 .—Tim e course o f  the a-process (A ) 
preceding the developm ent o f  m echani­
cal tension (C ) in the tw itch. Ordinate: 
tension in arbitrary units; abscissa: tim e 
in seconds. Frog sartorius 0-5° C (Brown 
1936)
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tics of m uscular contraction. A few of these will be exam ined a bit 
later.
A lthough fo rty  and  th ir ty  years have gone by, i t  can only be noted 
th a t  th e  prom ise of the  k inetic approach  has n o t been fulfilled. A ttem pts 
have been m ade a t  the  incorporation of new biochemical d a ta  in to  the 
k inetic schemes, b u t in a  way th is  line o f tho u g h t has rem ained on the  
fringe of th e  m ain stream  of muscle physiology. Since th e  tw enties and  
th irtie s , the  breakthroughs of b iochem istry—the discoveries o f myosin, 
ac tin  and  th e ir ATPase ac tiv ity , for example, and  more recently  th e  role 
of calcium — have provided a m uch more extensive background for th e  
in te rp re ta tio n  of th e  sequence of events. E lectron m icroscopy has provided 
a  new anatom ical foundation. W ith  these new d a ta  in m ind, b u t not 
necessarily strain ing for a  rigorous in terp re ta tion , it m ight be illustra tive 
to  set up  a reaction scheme. No claim of accuracy, orig inality  or p rio rity  
is made. In  fact, th e  presen t a ttem p t owes m uch to  th e  analyses of Polissar 
(Johnson and  co-workers 1954), of Morales and  co-workers (1955) and  of 
Goodall (1957).
I N T R A C E L L U L A R  K I N E T I C S  O F  C A L C I U M
A fter the  pioneering work of H eilbrunn and  W iercinski (1947), of Bozler 
(1952), and  of B ianchi an d  Shanes (1959) and  more recently  of A nnem arie 
W eber (1959, 1961), E bashi (1961, 1962), H asselbach an d  M akinose (1961), 
Podolsky and  H u b ert (1961) and  Brown and  co-workers (1963), i t  is 
generally agreed th a t  calcium serves as th e  ac tiva ting  ion in m uscular 
contraction. I t  seemed, therefore, of some value to  a ttem p t to  measure 
th e  fluctuations o f ionized calcium in th e  cytoplasm  o f the  contracting 
muscle.
In  1963 Ohnishi an d  E bashi (1963) showed th a t  calcium accum ulation by 
iso lated  vesicles of the  sarcoplasm ic re ticu lum  was m easurable b y  using 
m urexide as a calcium indicator. A t physiological pH  m urexide combines 
w ith  calcium  to  give a  colored complex, which has an  absorption peak  a t 
a lower w avelength th an  C a+ + -free m urexide (Fig. 5). Thus th e  addition 
o f calcium produces a decrease in th e  optical density  a t 540 my and  an
F i g . ,3. — Spectral characteristics o f m urexide and Ca-mur- 
exide. Left: absorption spectra; right: difference spec­
trum pH 6-8, 20° C (Ohnishi and E bashi 1963)
increase a t  470 mp (or t ra n s ­
mission changes in th e  reverse 
direction). We have in tro d u c­
ed th e  ind ica to r in to  muscles 
o f trop ica l toads by in tra - 
peritoneal injections of m ur- 
exide solution for several days 
before sacrifice. The experi­
m ents were carried  o u t by 
tran sm ittin g  a m onochrom atic 
beam  of light th rough the 
muscle, a t  e ither a peak  or a 
trough  w avelength of th e  m ur- 
exide difference spectrum  and  
com paring th e  optical changes 
w ith those a t  two adjacent 
wavelengths. The tran sm itted  
light was m easured w ith  a 
photom ultip lier and  recorded 
on a  com puter for transien ts  
averaging. The signals a t the  
adjacent w avelengths were 
sub trac ted  from  the  one re ­
corded a t  the  peak w avelength 
in a lte rn a te  series of 5 to  10 
contractions. In  th is  way the 
scattering  a rtifa c t was elim inated an d  a w avelength specific effect rem ained. 
(For fu rth e r details of th e  m ethod, see Jobsis and  O’Connor 1966).
The bo ttom  trace  of Fig. 6 shows th e  result of one such experim ent in 
which 470 m /i was a lte rn a ted  w ith  505 and  440 mp as ad jacen t reference 
w avelengths. The dow nw ard deflection indicates a decrease in light reaching 
th e  photom ultip lier, which agrees w ith  an increase in C a++ following th e  
stim ulus. The top  curve of Fig. 6 shows th e  same ty p e  of experim ent p e r­
form ed a t  the  trough  of the  Ca-m urexide difference spectrum  (540 mu 
minus 505 and  580 mp). I t  is clear th a t  the  tw o traces show approxim ately  
the  same event, b u t recorded as m irror images. A t 540 increased C a+ + 
produces an increased light transm ission (decreased OD), whereas a t  470 mp 
a  decreased transm ission (increased OD) would resu lt from  th e  form ation of 
th e  C a+ +-m urexide complex. Satisfactory  resu lts were ob ta ined  in  th is  
m anner in abou t 50 per cent of th e  cases, whereas in th e  o thers no effect 
could be noticed. The num ber of successful experim ents increased, however, 
by dissolving the  in jected  m urexide in d im ethyl sulfoxide, an  agent well- 
known to  im prove th e  perm eation of large num bers of substances across 
biological m em branes.
In  Fig. 7 ano ther experim ent is shown w ith recording a t 470 mp as the  
m easuring wavelength. The upper traces represen t the  tim e courses of the  
isom etric tw itch  tension and  o f the  light scattering. From  th is  figure it is 
seen th a t  th e  free C a+ + concentration  increases im m ediately a fte r the  
stim ulus and  comes to  a m axim um  in 50 msec, i.e. a t th e  very  beginning 
o f th e  contraction cycle. Subsequently, th e  C a++ concentration falls to
J
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F ig . (i.—K inetics o f the Ca-murexide in the sar­
coplasm  o f  the toad sartorius m uscle a t 9 — 10°C. 
Top: 540 mp (m inus 505 and 580 mp); bottom : 
470 mp (minus 440 and 505 mp). Increase in 
light transm ission is recorded in the upward 
direction. The vertical lines provide a tim e scale 
at every 25 m sec. The stim ulus was delayed 25 
m sec after the start o f  the sweep. R esu lts on two  
preparations from different toads (Jöbsis and 
O’Connor 19(i(i)
approxim ately  th e  original level by the 
tim e th e  peak tension of th e  tw itch  has 
been reached (far righ t side of Fig. 7).
The localization and th e  relative 
d istribution of th e  m urexide in the 
cell are unknow n a t  th e  m om ent. How­
ever, since the  calcium concentra­
tion  w ithin the  tubules of the  reticu lar 
system  is very high, any  m urexide lo­
cated  w ithin th a t  s tru c tu re  will be in 
the  Ca-complex form. The same is the 
case for m urexide th a t  m ight be absorb­
ed to  ex ternal surfaces in contact w ith 
R inger’s solution since the  la tte r  con­
tains 2 7um C a+ + . Only C a++ changes 
in the  sarcoplasm  proper can be expect­
ed to  be registered by color changes 
in the  indicator such as illu stra ted  in 
Figs 6 and  7.
The tim e course of the  rise and  fall 
in th e  sarcoplasm ic concentration of 
free C a++ strik ingly  resem bles th a t 
of Brown’s a-process (Fig. 3). The 
possibility exists, therefore, th a t  the 
x-process is the  reaction of free C a+ + 
w ith the  contractile proteins. I t  m ight 
be of some interest to  investigate 
th e  pressure dependence of th is reac­
tion.
Since calcium appears to  serve as th e  ac tiv a to r o f both  m uscular con trac­
tion  and  of the  ATPase ac tiv ity  o f actom yosin , th e  release of C a+ + can 
be presented as the  first step  in th e  sequence of reactions resulting in the  
m echanically evident aspects of the  tw itch. A lthough any scheme presently  
conceived will in all p robab ility  tu rn  out to  be incorrect or a t  th e  least 
grossly oversimplified, a first a ttem p t can perhaps be m ade by showing 
the  initial reaction between actin , myosin and  C a++ in the following way:
A +  M +  Ca + + ^  AMCa +  ATP ^  . . .
11
(Ca)
This merely sta tes th a t  one of the  earliest occurring events is th e  release 
of calcium from  a  storage com partm ent and  its  com bination w ith  actin 
and  myosin to  form  a complex. The subsequent reaction with ATP is 
discussed fu rth e r below. According to  certain  points of view, it is considered 
th a t  in th e  re laxed  muscle ATP is absorbed to  the  m yosin molecule, 
specifically to  th e  cross-bridges. This m ay well be the  case, however, it 
is of no great consequence in our scheme, as it would m erely m ean th a t 
th e  second reaction has tak en  place before th e  release of calcium and  th a t, 
for exam ple, in stead  o f myosin as the  reac tan t we should w rite mvosin- 
ATP. F rom  a conceptual po int of view little  would have been changed.
Fig. 7 .—Tim e relations betw een ten ­
sion developm ent (upper trace), light 
scattering (middle trace) and the k i­
netics o f the Ga-murexide com plex, 
470 in// — (440 and 505 m g). Time 
scale: 25 m sec pei’ division. Stim ulus 
delayed 12 m sec after the start o f  the 
sweeps. Toad sartorius, 12° 0  (Jöbsis 
and O’Connor 1966)
T I M E  C O U R S E  OF P ,  L I B E R A T I O N
I t  is generally agreed th a t  the  hydrolysis o f ATP to A D P and  inorganic 
phosphate (P,) plays a key role in  th e  contraction. The work of Cain and 
Davies (1962) has shown th a t  ATP breakdow n is perhaps the  first chemically 
m easurable reaction in a contraction. A lthough these resu lts do no t preclude 
th a t an  earlier energy-yielding reaction takes place for which ATP hydrolysis 
serves as a rephosphorvlating reac tan t, it will be assum ed here th a t  ATP
F ig . 8 .—Time course o f  pH  change (top) and the m yo­
gram o f the ileofibrillaris o f  the turtle a t 22° C. Time 
marks every second (D isteche 1962)
breakdown is the  p rim ary , energy-yielding reaction in the  contraction  cycle.
ATP hydrolysis is known to  be accom panied by  a decrease in th e  pH . 
The studies by Dubuisson (1937, 1939) and  the  m ore recent ones by D istéche 
(1962) show th e  tim e course of th e  pH  changes. These m easurem ents were 
made by applying a pH  electrode w ith a very  th in , glass m em brane to  
th e  contracting  muscle. The records exhibit a decrease in pH  s ta rtin g  soon 
a f te r  th e  occurrence of th e  stim ulus.
A trace  ob ta ined  by Distéche from  
a tu r t le ’s ileofibularis is depicted in 
Fig. 8.
Since the  early  tim e course of the 
first acidification is im p o rtan t for the  
determ ination  of the  sequence o f reac­
tions, I  have a ttem p ted  to  increase 
the  resolution of the  early  kinetics by 
optical m easurem ents utilizing the  pH  
i ndicator brom cresol purple. The m ethod 
is com pletely analogous to  th a t  for 
th e  C a++ except th a t  th e  ind icator is 
allowed to  equilibrate w ith  th e  muscle 
a fte r excision. F igure 9 shows th e  resu lt 
for a to ad  muscle a t  abou t 12° C. In  
agreem ent w ith  th e  earlier results a 
phase of rap id  acidification is noticed, 
s ta rtin g  a t  abou t the  tim e when the 
m echanical tension first rises. A fter
F i g . 9. — E arly pH change in the 
toad sartorius m uscle during the sin ­
gle tw itch  at 12° C. M easurem ent w ith  
bromcresol purple a t 588 rn/i (560 
and 620 m /i reference w avelengths)
157
reaching a m axim um  the 
trace  shows a gradual 
change tow ard  alkaliniza- 
tion. This is in te rp re ted  
as caused by th e  rephos- 
phorv lation  of A D P from  
creatine phosphate. I n  
vitro studies have shown 
th a t  th is  last reaction is 
accom panied by  a consid­
erable p H  change in  the  
basic direction. In  ad d i­
tion , an  acidification re ­
la ted  to  glycolysis can be 
detec ted  a t  a m uch la te r 
tim e (Dubuisson 1937,
1939, Jöbsis 1963).
I t  appears, therefore, 
th a t  inorganic phosphate 
is released early  in the  
tim e course o f the  tw itch  
b u t la te r th a n  th e  onset of the  tran sien t C a++ changes. The significance 
of th is  will be discussed a t  th e  end of th e  nex t section.
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T I M E  C O U R S E  O F  A D P  L I B E R A T I O N
As a fu rth e r exploration of th e  tim e sequence of th e  in tracellu lar events, 
th e  d a ta  on th e  increase in A D P concentration can be quoted. For th is 
purpose I  used th e  reaction of th e  resp iratory  chain contained in th e  
m itochondria w ithin th e  in tac t muscle. Chance and  W illiams (1955) showed
th a t  th e  stead y -sta te  percen t­
age of reduction in several 
m em bers of th e  resp ira to ry  
chain of isolated m itochond­
ria  changes when A D P is 
added  and  oxidative phos­
phory lation  is in itia ted . These 
changes can be m easured spec- 
tropho tom etrically  since the  
oxidized and  reduced forms 
of th e  chain com ponents differ 
in ligh t absorption charac­
teristics. Thus these optical 
changes can be used as a sig­
nal for th e  arrival of A D P a t 
the  m itochondria during a 
contraction  since A D P tr ig ­
gers ox idative phosphory­
lation, i.e. ox idative recov­
ery  m etabolism . To th is  end
stimulus
F ig . 10. — Spectrophotom etric m easurem ents o f the 
kinetics o f  cytochrom es b, c and o f  N A D H  (D I’NH) 
in response to  a series o f  tw itches. Toad sartorius at 
23° C, after aging treatm ent to  inhibit glycolysis 
(Jöbsis 1963)
F ig . 11. — Onset o f  the spectrophotom etrically  
measured cytochrom e b in response to  a single, 
isom etric tw itch . Toad sartorius, 18-5° C (Jöbsis 
1959)
beam s of a m easuring and  reference w avelengths are tran sm itte d  a lte r ­
nate ly  through the  muscle by a double-beam  spectrophotom eter. The differ­
ence betw een light absorptions a t  an absorption m axim um  of one of the 
resp ira to ry  chain com ponents and  a t  th e  reference w avelength is m eas­
u red  and  recorded as a function of tim e. In  Fig. 10 the  cyclic responses of 
th ree  resp ira to ry  chain com ponents are shown as th ey  resu lt from  a series 
o f tw itches (Jöbsis 1963). The cycles show th e  in tensity  and  th e  tim e course 
of ox idative recovery m etabolism  which ends when all A D P has been con­
v erted  back to  ATP. (For a review of th is  technique see Jöbsis 1964.)
Analysis of th e  onset of the  optical density  changes is shown in Fig. 11, 
in  which th e  response o f cytochrom e b was m easured in correlation w ith 
th e  developm ent of tw itch -tension  (Jöbsis 1959). N ot in all cases was the 
correlation exactly  as illu stra ted  in Fig. 11, b u t generally the  first appearance 
of A D P was signalled near the  peak  of the  contraction.
F rom  th e  response delay of th e  cytochrom e b signal it  is concluded th a t  
A D P is released a t  a la te r step  in th e  reaction sequence th a n  the  inorganic- 
phosphate. This suggests th e  following ty p e  of reaction scheme:
A +  M +  Ca + + ^  AMCa +  ATI’ ^  AMCa A D P +  P,.; ^  A +  M +
11
Ca+ +
+  Ca++ +  A D P
The cleavage of th e  final conqfiex would be the  end of the  reaction cycle 
of th e  contractile  system .
A K I N E T I C  M O D E L  O F  M U S C U L A R  C O N T R A C T I O N
The reaction scheme constructed  above does no t constitu te  a system  in 
which th e  re levant biochem ical d a ta  are stric tly  accounted for. In stead  
it is th e  sim plest scheme th a t  can be derived from  these physiological 
m easurem ents against a back-ground of known biochem istry. F rom  the  
work o f m any investigators, specifically for instance the  beautifu l results 
reported  here by Prof. E bashi, i t  is clear th a t  th e  model m ust be an  over­
simplification. N evertheless, it would be illustrative to  represen t th is system  
by the  analogue com puter sim ulation. The scheme developed above was 
represen ted  as follows:
A +  C ^  AC +  ATP ^  AC A D P +  PA u=± A +  C +  A D P (A) 
11 
(C)
in which ac tin  and  myosin have been used as a single en tity , since from 
m orphological d a ta  i t  appears th a t  the  two are no t random ly  d istribu ted  
b u t are in restra ined  and  close apposition. A represen ta tion  according to  
mass law kinetics appears therefore no t necessary and  the  tw o proteins 
have been lum ped together as one en tity : A. In  the  scheme C stands for 
an  ac tiva to r, i.e. C a++ . The rem ainder of th e  analogue com puter program  
is equivalent to  the  chemical scheme developed above. Again it is considered 
th a t A T P reacts as a reagent w ith  the  actom yosin-C a++ (AC). ATP is 
regarded as being presen t in excess, m ethodologically th is  is equal to
isometric twitch  
computer scheme A
incorporating i t  in  the  
ra te  constan t or as a 
m oiety absorbed to  A in 
the  resting condition.
In  Fig. 12 com puter so­
lutions are shown for the  
changes in concentration 
as a  function of tim e a fte r 
th e  stim ulus. The curves 
are labelled according to  
scheme A. The ad d itio n ­
al curve, labelled P , rep ­
resents th e  change in  the  
perm eability  of th e  m em ­
branes of th e  endoplas­
mic reticulum . A t th e  risk 
of gross oversim plifica­
tion, i t  m ay be conjec­
tu re d  th a t  during the  
action po ten tial a nu m ­
ber of holes’ is created 
in the  m em branes of the  
reticulum  and  C a++ dif-
P C A C  ADP
F ig . 12. — A nalogue stim ulation o f  simplified muscle 
contraction schem e (A). The first response to  the 
single ‘stim ulus’ is an initial increase in perm eability. 
Symbols: P  =  perm eability, C =  Ca + + , A =  actin  
T  m yosin, P,- = = inorganic phosphate, A D P  - ade­
nosine di-phosphate. A bscissa =  tim e, ordinate = = con­
centration; both in arbitrary units. The interm ediate 
AC A D P is considered analogous to the isometric 
tw itch tension
fuses in to  the  sarcoplasm  proper. Subsequently, these holes are repaired  with 
first order reaction kinetics. The num ber of holes existing a t  any  one m om ent 
w ould be ind icated  by  th e  height of th e  P  curve above th e  baseline.
I t  is th e  contention o f th e  present approach th a t  th e  isom etric force of 
th e  m yogram  is directly  proportional in  tim e course and in tensity  to  the
transien t concentration response 
of one of th e  in term ediates in th is
isometric twitch
F ig . 13. — Analogue stim ulations o f  a single 
tw itch  and a 4-stim ulus tetanus w ith  sim ­
plified reaction schem e (B). The interm edi­
ate A A D P  is analogous to  the isometric 
tension; otherwise as F ig. 12
scheme, specifically the  AC ADP 
interm ediate . The usual features 
of an isom etric tw itch  are well 
represented by  the  AC A D P curve 
including a lag period, rem iniscent 
o f the  la ten t period, an in itially  
increasing ra te  of tension devel­
opm ent and  finally a more p ro ­
trac ted  fall of tension in th e  re lax a­
tion  period. A lthough th e  la ten t 
period has generally been th o u g h t 
to  represen t the  tim e required  for 
the  inw ard trav e l of excitation 
and  for th e  diffusion of th e  ac ti­
v a to r to  its  site of action, no 
special provisions for such events 
have been m ade in th is first simple 
model. Inclusion of these could 
easily allow for an increased d u ra ­
tion of th e  la ten t period.
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A featu re th a t does no t agree too well with the  present d a ta  is the  relative 
tim e course o f the  in term ediate  AC A D P and  of the  disappearance of Ca + + . 
The re-absorption o f C a++ appears to  be com pleted a t  approxim ately  the 
tim e o f the  tension peak (Fig. 7). W hen the  relative tim e courses of the  
'con traction  phase’ and  the  ‘re laxation  p hase’ of the AC A D P complex 
are m ade to  approach those o f the  actual tw itch , i t  is practically  impossible 
to  achieve these tim e relations w ith th is first model. Q ualitatively  th is is 
understandab le since in scheme A, Ca is an integral p a r t  of th e  tension 
producing in term ediate  AC A D P and  upon th e  cleavage of th is complex 
C a++ is again liberated  in the  sarcoplasm. I t  is, therefore, of some interest 
to  investigate the  so rt of change in the  model th a t  would generate tim e 
relations more easily m atched to  those of the  C a++ kinetics. As a first 
a ttem p t I have assigned tension production to  an in term ediate which does 
no t contain  C a++ . Such a scheme could be presented as follows:
A +  C ^ A C  +  ATP ^  A A D P +  C +  IV, f ±A  +  A D P (B) 
U 
(C)
A re-in terp re ta tion  o f these d a ta  is shown for a single stim ulus in th e  top  
of Fig. 13 an d  for a 4-stim ulus te tan u s  in the bottom . In th e  tw itch  the  
tension in term ediate  (A ADP) reaches its m axim um  a t the  m om ent when 
the  free C a++ concentration (C) has v irtually  dropped to  zero. The solution 
of the C tran sien t is now alm ost identical w ith the  tim e courses of the  free 
C a++ m easurem ents (Figs 6 and  7) and  with Brown’s sc-process (Fig. 13). 
Some difference is also evident in th e  release of P,- and ADP. The tim e 
courses now resem ble the  m easurem ents of the  change in pH  and  in the 
redox s ta te  of cytochrom e b. Thus scheme B appears to  be more in agreem ent 
with the  experim ental d a ta  than  scheme A. It is, nevertheless, a bit early 
to  m ake a final choice. More d a ta  on the  C a+ + transien ts  and  m ore exhaus­
tive studies o f the  analogue model are required. However, the  above a ttem p ts  
a t  an in te rp re ta tio n  of th e  d a ta  do not fail to  illustra te  the  strik ing ad v an ­
tages of th e  kinetic model and  should spur us on tow ard  more serious con­
sideration of th is  approach.
E N E R C Y  U T I L I Z A T I O N  I N  T W I T C H E S  A N D  S H O R T  T E T A N I
From  the  viewpoint o f muscle contraction as a system  of sequential 
reactions, th e  question o f the to ta l tu rnover in the  system  leads to  a new 
track  both  experim entally  and  in the  model. Casting it in th e  form of a 
question on energetics one can ask: w hat is th e  re lation of the  to ta l am ount 
of A D P split to  th e  param eters o f the  isom etric contraction ? As a, first 
approach it was decided to  s tudy  th is question in the  transition  region 
between tw itch  and te tan u s. To th is  end varying num bers of stim uli were 
delivered to  th e  muscle a t a te tan ic  ra te  and  the  to ta l am ount of the  
oxidative recovery m etabolism  was m easured for each contraction. Fluoro- 
m etric observations on m itochondrial NADH (DPNH ) w ithin the muscle 
tissue were utilized. In th e  model the  same variable was m anipulated  
and  the  final height of the  ADI* curve was used as the  index to  energy 
consum ption.
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It is possible to  m easure fluorom etri- 
cally th e  fraction  o f m itochondrial 
NAD, th a t  is in th e  reduced sta te , since 
th is form (NADH) fluoresces under illum ­
ination w ith light around 340 m//, 
whereas the oxidized form  (NAD + ) does 
not. T hus th e  in tensity  o f th is  fluores­
cence can serve as an index to  the  
degree o f reduction of m itochondrial 
NAD. Since th e  degree of reduction 
decreases when 0 2 u p tak e  increases, a 
loss o f fluorescence is registered when 
oxidative recovery m etabolism  is tak ing  
place. I t  so happens th a t  th e  N A D H  in the  m itochondria suffers far 
less from  fluorescence quenching th an  th e  glycolytic fraction, which is 
freely dissolved in th e  cytoplasm . For th is  reason resp ira to ry  chain N A D H  
can be m easured fluorom etrically w ithou t interference from  glycolytic 
NAD H. This is n o t possible w ith th e  spectrophotom etric technique. I t  is 
necessary to  reso rt to  special trea tm en t of the  muscle to  produce results 
such as shown in Fig. 10 (Jöbsis 1963), whereas w ith th e  fluorom etric 
m ethod oxidative recovery m etabolism  can be m easured rou tinely  in u n ­
trea ted  specimens (Jöbsis and  Duffield 1967).
In  Fig. 14 a  fluorescence trace  is p resen ted  as was ob tained  from  a to ad  
sartorius muscle w ith a fluorom eter constructed  for the  purpose (Jöbsis e t 
al. 1966). At the  beginning o f th e  trace  th e  muscle was in a resting m etabolic 
condition. A single tw itch  produced the  decrease in fluorescence in tensity  
shown by th e  cycle which ind icates th e  tim e course and  in tensity  of ox ida­
tive  phosphorylation. (Note th a t  th e  tim e course of th e  recovery m etab ­
olism is m easured in m inutes, whereas the  du ra tion  of th e  tw itch  is 
barely one second).
A good am ount of effort has been expended in  studying  the  param eters  
o f th e  optical signals of oxidative recovery m etabolism . In  th e  beginnings 
the  peak height of the  responses was used for correlation w ith  th e  am ount 
o f ac tiv ity . A severe draw back of th is  param eter is the  fact th a t  increasing 
num bers of tw itches yield a sa tu ra tion  ty p e  stan d ard  curve. A lthough still 
usable, th is is ra th e r inconvenient and  becomes increasingly less sensitive 
w ith  larger am ounts o f ac tiv ity . A t a Gordon Conference, Professor Fenn 
suggested to  me th a t  th e  area under th e  response cycle m ight be a more 
convenient param eter and  indeed it was found to  be so, for th e  response 
cycles of cytochrom e c. W ith  th e  presen t in strum entation  th e  tim e in tegral 
of th e  fluorescence cycle (j A FI) is also directly  re la ted  to  th e  am ount of 
energy spent by th e  preparation . An illustra tive exam ple is shown in th e  
top  left of Fig. 15 for the  effect of one to  th ree single tw itches delivered 
a t  a rap id  ra te . Thus Prof. F en n ’s p aram eter has proved very  useful indeed. 
It can also be no ted  in Fig. 15 th a t  th e  fluorom etric response is stable in 
the  presence of iodoacetic acid. This last fact is of g reat im portance for 
th e  q u an tita tiv e  correlation of \ AF l  w ith the  contractile  effort, since it 
provides a  check on possible interference stem m ing from  th e  glycolytic 
rephosphorylation of ADP. Furtherm ore, it  is seen th a t  a large difference 
exists in th e  energy utilization of isom etric and m inim ally loaded isotonic
J ii‘2
F ig . 14. — Fluorometrically m onitor­
ed response o f  m itochondrial N A D H  
(D P N H ) to a single isom etric tw itch. 
The downward deflection denotes a 
decrease in fluorescence, i.e. a d e­
crease in N A D H  (Jöbsis
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F i g . 1 5 .  — An experim ent dem onstrating the variabili­
ty  in the area under the fluorometric response curve 
as a function o f  tim e. Sym bols: o m inim ally loaded  
isotonic tw itches; •  isom etric tw itches. A bout 5 hours 
after the start o f the experim ent several series o f 
m ultiple tw itches were elicited. The results o f  the  
latter are shown graphically in the inset
contractions. I would like to  discuss th is  po in t in tom orrow ’s session.
In  a  sequential system  of reactions the  in itia tion  of the  reaction by the  
add ition  o f a  lim ited am ount of p rim ary  reac tan t results in th e  tran sien t 
rise in concentration and  subsequent re laxation  o f each of the  in term ediates. 
ln tu itiv e ly .it  does n o t sound unlikely th a t  th e  area under such a  curve 
is directly  re la ted  to  th e  to ta l am ount of reaction tak ing  place. In  fact 
it is possible to  show m athem atically  th a t  th is is th e  case for a  sequence 
of first order reactions, i.e. th e  area under th e  curve varies linearly  w ith 
th e  added  am ount of p rim ary  reac tan t. In  th e  case of th e  resp irato ry  chain, 
the  fall in  NA D H  and  its  subsequent re tu rn  to  th e  resting base-line is quite 
clearly analogous to  such a tran sien t: A D P is th e  added reac tan t, NAD + 
th e  tran sien t in term ediate  which is signalled as a  loss of fluorescence. I t  is 
ano ther m atte r, however, to  prove th e  linearity  o f the  area under th e  cycle 
(i.e. its tim e integral) w ith th e  to ta l tu rn o v er in  th e  system  on a  form al, m athe­
m atical basis or even by an analogue or dig ital com putation. The resp irato ry  
chain, a lthough a system  of rem arkable beauty , is no t no ted for its  sim plicity. 
E xperim entally , however, the  sam e ty p e  of relation  can be shown to  exist 
for th e  response of iso lated  m itochondria to  th e  addition  of different 
quan tities o f ADP. Thus th e  | A F I  can be used as a d irect param eter for 
th e  analysis o f th e  to ta l energy expenditure, which gave rise to  the  recovery 
m etabolism . Com peting reactions such as glycolysis have to  be excluded. 
For th e  range of 1-4 isom etric tw itches glycolysis does no t encroach 
noticeably upon oxidative m etabolic recovery, but for higher am ounts of 
ac tiv ity  glycolysis m ust be inhibited , for instance by  iodoacetic acid (Jöbsis 
and  Duffield Í967).
As a first a ttem p t, th e  to ta l am ount of contractile  effort was stud ied  
in th e  tran sitio n  region betw een th e  tw itch and  the  te tanus. To th is  end,
11* it;:5
16. -M echanical aspects o f the 
transition region betw een isom etric 
tw itch and tetanus. The dots beneath  
each m yogram  mark the m om ent o f  
stim ulation. Toad sartorius, 15° 0
2, 3 or more stim uli were delivered a t 
a  te tan ic  ra te  to  th e  muscle which 
responded w ith increasingly large 
tw itch-like responses until a typically  
flat-topped, te tan ic  contraction was 
reached (Fig. 16). This ty p e  o f experi­
m entation  was perform ed while m oni­
toring the  fluorom etric response th a t 
followed each contraction. The results 
of one such an experim ent are given 
in Fig. 17. The top  graph shows th e  
peak isom etric force ( p 0 ) and  the  tim e 
in tegral of the  tension ( \ r 0) as a func­
tion  of the  num ber of stimuli delivered 
a t 32 cps. The la tte r  am ounts to  the  
area under such curves as shown in 
Fig. 16. In th e  bo ttom  graph  the  re la ­
tion between the  jp 0 and  the  tim e 
in tegral of th e  fluorescence cycles 
( \AFl )  are shown. The correlation is highly significant and  shows th a t 
in th is  transition  region th e  energy utilization is directly  re la ted  to  the  
tim e in tegral o f th e  isom etric force (Jöbsis 1966).
A nother in teresting  feature of these results is th e  fact th a t  little  room 
is left for a contribu tion  from  th e  ac tiva tion  process when energy utilization 
is correlated  w ith the  p 0 . This am ount of energy is generally though t to  
be a fixed quan tum  needed to  produce a  transition  from  th e  resting con­
dition to  the  active sta te . The experim ental spread in th e  d a ta  m ay conceal 
a  small energy expenditure for th is  process b u t it cannot be more th an  
abou t 10 per cent of th a t  spent in 
th e  single isom etric tw itch . This is 
very low com pared w ith th e  presen t 
day  estim ates of 33 to  50 or even 
80 per cent from  m yotherm ic d a ta  
an d  from  a d irect analysis of th e  v a ­
rious ^  P  stores o f exercised and  
resting muscles. I t  appears, how­
ever, in line w ith  certain  ones of the 
estim ates of In fan te  an d  co-workers
F i g . 17. —  Effect o f  varying numbers o f  
stim uli a t a tetanic rate on mechanical 
and energetic parameters o f  isometric 
contractions. Top: the isom etric force 
(p„) and its tim e integral () p„) as a func­
tion  o f  the number o f  stim uli. Bottom : 
the tim e integral o f  the fluorescence cycle 
(j A FI) as a function o f the | p 0 . Sym ­
bols: •  the same contractions as shown 
in the top  graph, o cum ulative effect 
o f  2, 3 and 4 single tw itches in rapid 
succession, I cps (Jöbsis 191)6)
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K lG . 1 8 .  Computer sim ulation o f the experim ents o f Figs 
Ki and 17 on the transitions between tw itch and tetanus. 
The curves on the left show the effect o f  varying num ­
bers o f stim uli a t a tetanic rate on the tension interm e­
diate A A D P . The graphs on the top  right show the peak 
o f the A A D P  curves and the areas under the curves as 
a function o f  the number o f  stim uli. The graph on the low ­
er right shows the correlation between the area under 
the curves and the total energy turnover as measured 
by the height o f the A D P curves (the latter are not 
shown in this figure)
(1964). The question of the  ac tiva tion  energy is discussed more fully else­
where (Jöbsis 1966).
The linearity  of th e  energy expenditure with the  )p 0 is no t unexpected 
if a system  of sequential reactions is used as a model for muscle contraction. 
I f  it be considered th a t  the  tension is directly  related  in its  tim e course 
and in ten sity  to  the  tim e course and  concentration of an in term ediate 
in a sequence of reactions, then  it is only to  be expected th a t  th e  to ta l 
area under th e  m echanical response is directly  re la ted  to  the  to ta l am ount 
of energy tu rn o v er th a t  takes place. In  o ther words, the  same reasoning 
th a t applied to  the  NA D H  fluorescence as an index to  the  to ta l response 
o f the  resp iratory  chain should also apply to  the  sequence of events giving 
rise to  the  m echanical perform ance of the  s tria ted  muscle. This notion has 
been tes ted  w ith reaction scheme B in a sim ulation of the above experim ent. 
In  the  left hand side of Fig. 18 the  A A D P in term ediate is shown as is 
affected by the  num ber of stim uli. In the  righ t hand  top  graph  th e  peak 
concentration of A A D P and  the  area under the  curves are depicted as a 
function of th e  num ber of stim uli. Below is shown the  correlation between 
the I A A D P and  th e  to ta l A D P produced in the reaction. It is in teresting 
to  note th a t all th e  curves strongly resem ble th e  ones from  the  muscle 
experim ent shown in Figs 16 and  17. Perhaps some small m easure ol 
credibility  is thereby  given to  m y very  simple reaction scheme. W hat is 
more definitely established, however, is th e  fact th a t  th e  tim e integral 
of an  in term ediate  is linearly related to  the  to ta l tu rnover of reac tan ts  in 
th e  transition  region between tw itch  and tetanus.
1
20 -
FiO. 19 .—E ffect o f  varying numbers o f  
stim uli a t a tetanic rate on the m echan­
ical and energetic parameters o f  mi ni ­
m ally loaded isotonic contractions.T op: 
the shortening distance ( S filled cir­
cles) and its tim e integral ( \*S',,, open cir­
cles) as a function o f  the number o f  
stim u li. B o tto m : the \ A FI as a function  
o f the \ S U. Filled circles: the sam e con­
tractions as depicted in the top  graph. 
Open circles: cum ulative effect o f  2, 3, 
4 and 6 single tw itches in rapid suc­
cession (Jöbsis 19(i(i)
The same ty p e  of experim enta­
tion was also perform ed under m i­
nim ally loaded isotonic conditions. 
The resu lts of such an experim ent 
are shown in Fig. 19. In  the  upper 
graph th e  m echanical param eters 
of th e  shortening distance (S ) and  
th e  in tegral of the  shortening curve 
([S ) are presen ted  as a function 
o f  th e  num ber of stim uli for the  
tran sitio n  region betw een tw itch  and  te tan u s. The results of the  concomi­
ta n tly  m onitored fluorescence cycles provide a m easure of th e  energy ex ­
pended which, as shown in the  bo ttom  p a r t of the  figure, is again linear 
w ith  th e  tim e in tegral — th is  tim e fS  (Jöbsis 1966). In  these experim ents 
th ere  is also a lack of evidence for a  significant contribu tion  of th e  a c ti­
vation  process to  th e  to ta l energy expenditure.
In  order to  accom m odate shortening as a separate  function in muscle 
contraction i t  is m erely necessary to  specify th a t  th e  tension in term ediate  
A A D P can be used e ither for tension production  or for shortening. This 
ra th e r uncom plicated add ition  to  th e  reaction scheme has n o t y e t been 
te s ted  on th e  analogue com puter; i t  will be done in the  near fu ture .
A L I M I T  TO T H E  A P P L I C A B I L I T Y  O F  T H E  K I N E T I C  M O D E L
The above experim ents supply evidence th a t an  in term ediate  of the  
reaction sequence directly  underlies th e  m echanical phenom ena observed 
in contracting  s tria ted  muscle. I t  is necessary, however, to  ind icate  a  s tric t 
lim it to  th is  approach. W hen a muscle is te tan ica llv  stim ulated  for longer 
tim es th an  stud ied  above, th e  no ted  linearity  between the  \ P 0 and  the  
energy utilization as m easured by th e  \ A FI  shows a sudden change in 
slope. In  Fig. 20 th e  resu lts of such an experim ent are shown. In  th is 
case th e  muscle was stim ulated  for periods up to  3 seconds a t a ra te  of 
48 tim es per second. The early  correlation, in th e  tran sitio n  region 
between tw itch  and  te tan u s, is again a s tra igh t line th rough  th e  origin, 
b u t th e  la te r p a r t of th e  experim ent does no t follow th is relation. In  the  
com puter model th is  behavior between j A A D P and  to ta l am ount of A D P 
produced does no t show the  diphasic behavior. I t  is, therefore, postu lated
166
th a t  a change in th e  reaction 
m echanism  occurs. No specific 
d a ta  are available to  indicate th e  
ty p e  o f molecular m echanism  th a t 
is involved. The observations can, 
however, be described as the  on ­
set of a m echanically ‘locked’ con­
d ition  or, in th e  term s of the  con­
cepts of Prof. E rn s t (1963), it 
m ight be an  indication th a t  a 
‘crysta lliza tion’ of the  contractile 
proteins takes place. In  bo th  ex ­
pressions it is im plied th a t  a new 
condition has occurred in which 
the  muscle does no longer m ain­
ta in  sta tic  tension by  continued 
sp litting  of ATP a t  th e  original 
ra te . A m echanical arrangem ent 
has apparen tly  been reached 
which depends on a m uch sm aller 
continued in p u t of power. Sup­
posedly th is  lesser ra te  is related  to  th e  m aintenance of the  sta tic  condi­
tion. This phase of th e  work is under investigation a t the  m om ent. It 
appears from  prelim inary  experim ents th a t  such a locking or crysta lliza­
tion  does no t tak e  place when th e  muscle is shortening. A perm anent 
or a t least sem i-perm anent a ttach m en t o f the  actin  and myosin molecules 
e ither a t th e  cross bridges or in a differently arranged crystalline s tru c tu re  
m ight underlie such a sta tic  te tan ic  condition.
In conclusion I  would like to  stress several poin ts concerning the  experi­
m ents and  the  kinetic model.
The calcium d a ta  have been obtained  only recently  and, necessarily, th ey  
suffer from  a certain  incom pleteness and lack of extensive num ber of 
repetitive  observations. This will be rem edied by m ore work in th e  near 
fu ture. However, the  m ain challenge in th is  work is to  perform  some 
q u an tita tiv e  m easurem ents on th e  am ount of C a ++ released. This will 
require considerable m odification of the  instrum en tation  which will tak e  
some tim e. But such im provem ents should also benefit th e  pH and  cy to ­
chrom e b m easurem ents.
One of th e  dangers of building the  kinetic model so closely to  a specific 
in terp re ta tion  of th e  experim ental d a ta  is th e  near ce rta in ty  th a t  th is  
in terp re ta tion  will be modified in the  near fu ture. This brings w ith it the 
g rea t danger th a t  e ither the  model or th e  experim ental resu lts (and 
probably both) will be dism issed perem ptorily  when th e  biochemical in te r­
p re ta tion  is found to  be in  error. However, th e  experim ental d a ta  should 
s tan d  on th e ir own and in fact th ey  can do so quite well. The kinetic model 
is also independent of biochemical in terp re ta tions although perhaps no t 
qu ite  so obviously so. Its m ain im portance is th e  illustra tion  of th e  general 
concept th a t  such a scheme can account satisfactorily  for bo th  the  shape 
o f th e  m echanical response and  th e  to ta l am ount of th e  reaction as m easured 
by  energetic param eters. An awareness of th is in th e  m inds of the  m em bers
F i g . 20. Mechanics and energetics of' long­
er lasting isom etric tetan i. Toad sartorii at 
I 2° C. T etanic stim ulation a t 48 ops; other­
wise as Fig. 17
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of th is distinguished audience is all th a t  is requested as th e  outcom e of 
th is presen tation .
Now it is m y m ost pleasant du ty  to  acknowledge th e  valuable collabora­
tion  of Jam es Duffield and  Michael O’Connor in m any aspects of th e  work 
reported  here. I  also owe a g reat deb t of g ra titu d e  to  Mrs Fieke Bryson 
and  Mrs M argaret G rafton for dedicated  technical assistance far beyond 
the  call of du ty . I  am  grateful to  D r E. A. Johnson for in troducing me to  
the  analogue com puter and  to  Dr J . W. Moore for tak ing  my education 
fu rth e r in hand.
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G E N E l i A L  I) I S C U 8 S I 0 X
Eb a sh i: First, 1 would like to  congratu late  you for the  success in dem on­
s tra tin g  th e  release o f Ca-ions during th e  contraction of living muscle. 
I f  1 com pare th e  level o f Ca-ions w ith th a t  o f contraction, which m ay be 
represented by th e  tu rb id ity , and  tak e  the  ra te  of Ca accum ulation of the 
sarcoplasm ic reticulum  into consideration, l do no t th ink  th a t  th e  sarco­
plasm ic reticulum  is solely responsible for th e  disappearence of Ca-ions 
a t th a t  stage. In  th is respect 1 agree w ith you. The o ther system s including 
th e  contractile  elem ents m ight also be responsible for the  u p tak e  of Ca-ions 
a t  an  earlier stage.
JÖBSis: T hank you very much indeed for vour very kind congratulations, 
Dr Ebashi. Coming from  you, any  praise of an experim ent concerning 
Ca m easurem ents is very high praise indeed. A bout th e  rap id  reabsorption 
of the  C a+ + , I can only agree with you th a t it is surprising, so surprising 
in fact th a t  I felt it necessary to  change m y way of th ink ing  and, therefore, 
th e  k inetic model of muscle contraction. This new model provides a good 
explanation  and a perfect fit to  o ther data , whereas the  old one did not.
(Note added after the conference. F u rther experim entation and  com puta­
tion has m ade it  clear th a t  the  above sta tem en ts m ay be a b it too  categorical. 
W ith some difficulty it is possible to  pick a set of reaction constants for 
scheme A th a t  will generate a C a+ + curve showing a rap id  decrease followed 
by a long 'ta i l ’. However, th is is accom panied by a definite loss of fit 
between th e  shape of the  isom etric tw itch  and  of the  tension in term ediate . 
This set of constants is, therefore, not correct, bu t the  experience does 
suggest some caution in drawing conclusions from  the  model, in  addition, 
new C a++ experim ents have m ade it clear th a t  the  la tte r  p a r t of the 
contraction  is m ost sensitive to  any inadequacies of the  sub trac tion  m ethod. 
The exact shape of the  trace  is, therefore, the  least reproducible in the  
re laxation  phase of th e  tw itch. A realization of these points m akes it clear 
th a t  fu rth e r experim entation is needed to be perform ed, preferably with an 
im proved instrum en tation . This is being constructed  a t the  m om ent.)
E b a s h i : I should like to  po int out th a t  a large am ount of Ca would 
be sequestered in the  Ca— actom yosin complex and  th a t, consequently, the  
level in the  sarcoplasm  could show a rap id  fall w ithout much reabsorption 
by the  re ticu la r system . I  should emphasize th e  last point, since 1 have 
some reason to  th in k  th a t  pum ping of Ca was delayed for some tim e a fte r 
the  stim ulus.
J o bsis: I com pletely agree with your first point. In fact th is s ta te  of 
affairs is incorporated  both  in scheme A and scheme B, in which free C a+ + 
is decreased by two reactions, one resulting in th e  Ca—actom yosin complex 
and  the  o ther being the  reabsorption by the  reticulum . The relative ra te  
a t which free C a++ is first decreased depends on the  relative reaction ra tes 
of these tw o processes. I  have no evidence for or against the  idea th a t  the  
pum ping ra te  is inhibited for some tim e a fte r the  stim ulus. I t  is, however, 
possible to  m atch the  Ca-kinetics w ithout recourse to  such a delay, bu t 
th en  again it m ight also be possible to  do so with a delay. I have never 
tried  it.
Hu x l e y : 1 would like some explanation of the lag period between tension 
developm ent and  A D P release.
Hi!)
J ö b s is : Lags are p a r t of any  kinetic scheme. The fu rth e r down the 
sequence of reactions we are, the  longer th e  lag. In th e  experim ental d a ta  
we see A DP signalled by  cytochrom e b a round  th e  tim e o f th e  tension 
peak. In  the  model th e  rap id  increase in A D P is seen a b it earlier th an  th a t. 
I  am  no t sure w hat underlies th is difference. It is no t terrib ly  big and  some 
tim e is needed for diffusion to  and  in to  th e  m itochondria, b u t th a t  can 
account for only a sm all delay. Nevertheless, th e  po int is th a t  from  any 
model in which A D I’ is p a r t of the  tension in term ediate  we would expect 
a  lag period before we see a rise in th e  A D P concentration.
Strickholm : I  wish to  ask D r E bashi if  his experim ents were on endo­
plasm ic reticulum  from  th e  same muscle and  anim al as used by D r Jöbsis. 
There are known variations in muscle types and  functions and  perhaps 
it m ight be th a t  the  endoplasm ic reticulum  has different properties in 
different muscles.
Eb a sh i: I  have no experience w ith  th e  sarcoplasm ic reticulum  of the  
toad . However, no essential difference has been found betw een those of the  
rab b it and  the  frog.
T ig y i : W hat, do you th ink , is happening in hypotonic solutions as regards 
th e  Ca change and  the  shortening ?
J ö b s is : We have studied neither hypertonic nor hypotonic solutions for 
th e ir effects on Ca release. I  realize th a t  th is  is a very  im p o rtan t question, 
especially th e  hypertonic situation , since it has been conjectured th a t  
C a++ release is norm al, whereas the  ac tin -m yosin  in teraction  m ay be 
inhibited . N atu rally , I  do w ant to  have a try  a t th is  ty p e  of experim ent in 
the  near fu ture .
T i g y i : How , do you  th in k , th e  m easu rem en ts  on pH  changes re p o rte d  b y  
D ubu isson  an d  th o se  p re sen ted  b v  you in  th e  open ing  lec tu re  coincide?
J ö b s is : The presen t pH  m easurem ents and  those of D r D ubuisson and 
D r D istéche are very  closely com parable indeed. The only difference is 
some ex tra  tim e resolution and  the  application to  th e  to ad  sartorius muscle. 
The la te r phases o f the  pH  changes were n o t recorded by me in these experi­
m ents. They are, however, repo rted  in m y 1963 paper and  very  closely 
com parable to  th e  m easurem ents m ade w ith pH  electrodes.
K ö v é r : C ould  you say  a n y th in g  a b o u t th e  ev e n ts  occurring  d u rin g  th e  
effect o f  caffeine ?
J ö bsis : No, I  have n o t had  a chance to  tak e  a look a t  the  effect of caffeine, 
b u t I  fully agree th a t  th is  would be a  very im p o rtan t experim ent to  p e r­
form, since increased in tracellu lar C a++ levels are as often im plied as the  
mode of action o f caffeine.
HAsselbach : W hat are your ideas concerning the com partm enta tion  of 
calcium in re la tion  to  your observations ?
Can you exclude th a t th e  colour change in Ca m urexide is caused by the  
pH  change due to  contraction ?
J ö b s is : There is little  evidence to  be ex tracted  from m y d a ta  concerning 
Ca com partm entation  in muscle. I th in k  th a t  I  can elim inate th e  e x tra ­
cellular space and  the  in trasarco tu b u lar space, since in bo th  places the 
Ca concentration should be high enough to  sa tu ra te  th e  m urexide. This 
leaves the  sarcoplasm  proper as th e  only candidate of a com partm ent from 
which the  signal could arise.
1 th in k  th a t the  difference in kinetics of C a++ and  H + -ion release is
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good evidence th a t pH changes are not responsible for th e  optical changes 
a t  540 an d  470 m/i. A lthough the  light absorption by Ca-m urexide is suscep­
tib le to  pH  it is no t a terrib ly  large effect for th e  very  small pH  changes 
w ith which we deal here.
Bend  a ll : Could the  app aren t reabsorp tion  of calcium during th e  rising 
phase of a muscle tw itch  be explained by  its tem porary  chelation by ATP 
and  th e  contractile  p roteins ?
W hether th is  is possible would depend on the  re la tive binding con­
s tan ts  of ATP and, actom yosin, on th e  one hand, and  m urexide, on the  
other. Do you know th e  calcium -binding constan t of m urexide?
.lÖBSis: Yes, 1 definitely th in k  th a t  the  m ajor facto r in th e  rapid decrease 
in free C a+ + during the  contraction phase is due to  the  utilization o f C a+ + 
in the reactions o f th e  contractile  proteins. E ven  some chelation by  ATP 
m ight be possible. 1 hesita te  to  quote th e  binding constan t of calcium with 
m urexide since I  believe th a t  some errors m ay have been m ade in its 
determ ination . We are now re-m easuring th is  constan t. I t  is, however, 
quite clear th a t  th e  affinity is n o t te rrib ly  g reat a t physiological p H  (pH 
6-8). This is an advan tage since the  m urexide will no t chelate th e  C a+ + 
aw ay from  th e  contractile proteins and  the  sarco-tubular system . I t  is also 
a disadvantage since only a small proportion of the  m urexide will be able 
to  bind any Ca. This resu lts in a  re la tively  small signal. In  a  few m onths 
I hope to  be able to  give a more exact description of the  system .
H anson : Can you com pare th e  tim e course of th e  active s ta te  w ith  th a t 
of Ca + + release ?
J  ÖBSIS: I  w ould be very  hard  pressed to  answer th a t question. I  have 
never qu ite  understood  th e  concept, and  hum an n a tu re  being w hat it is, 
I ju st do n o t believe in it. However, D r E dm an has a contribution to  m ake 
concerning the  active s ta te  and  I  would, therefore, like to  defer to  him.
Edman (D epartm ent of Pharm acology, U niversity of Lund, Sweden): 
L ittle is known up to  th e  present tim e, as to  w hether or n o t th e  time course 
of the  m echanical ac tiv ity  in response to  excitation of the  cell is dependent 
on the  degree of extension of th e  sarcomeres. The degree of ac tiv ity  of the  
contractile un it, the  ’active s ta te ’ according to  H ill’s term inology, has been 
experim entally  defined in th is study* as the capacity to produce tension. 
W ith th e  approach used it has been possible to  determ ine alm ost the  entire 
tim e course of the  active s ta te , even a substan tia l p a r t of the  rising phase, 
in a single cell a t th e  sarcom ere level.
The fibre was m ounted horizontally  between a tension transducer and  a 
light isotonic lever in a therm o sta ted  (2-3° C) perspex trough  (Edm an 
1966). All m echanical recordings were carried ou t a t selected sarcom ere 
spacings determ ined for the  m iddle segm ent of th e  fibre. The sarcom ere 
length  was m easured a t rest for various degrees of extension of the  fibre.
The fibre was paced to  con tract a t 1 1/2 m inute intervals. A series of 
four stim ulating  pulses (frequency: 3-6 cps) produced a stepwise increase 
in the  tension alm ost to  the  te tan ic  level. In  th e  fou rth  cycle a quick release 
was produced, which allowed the  sarcom eres to  shorten by 0-1 p. F igure 21 
illustrates a num ber of releases carried out a t different tim es a fte r th e
* In collaboration with Dr A. Kiessling whose present address is: D epartm ent 
o f  Physiology, K arl-M arx-University, Leipzig
msec
F i g . 2 1 . — V ertical bars: stim ulation signals. Fibre cross-section:
9 0 x 2 0 0  f t 2
fou rth  stim ulus a t 2-15 fi sarcom ere spacing. There was an ab ru p t fall 
in tension, followed by a recovery of tension a t the  0-1 /.i shorter 
sarcom ere length (2-05 f i ) .  The isom etric o u tp u t a t th e  peak of the 
redeveloped contraction, i.e. a t a tim e when th e  contractile system  
was sta tionary , represents the  capacity  of the  contractile u n it to  produce 
tension a t th a t  m om ent a fte r the stim ulus (cf. R itchie 1954). The tension 
values obtained  in th is way provide points on the  decay phase of the  
active s ta te  curve.
The approach used for determ ining th e  rising phase of the  active sta te  
curve is shown in Pig. 22, illu stra ted  in a series of four partia lly  sum-
0 100 200 300 msec
F ig . 22. Same fibre as in Fig. 21. Vertical bars: stim ulation
signals
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m ated  tw itches produced by 
th e  same fibre as in Fig. 21 
a t 2-05 /J sarcom ere spac­
ing. By the  onset of each 
new ac tiv ity  period in the 
series the  tension was revers­
ed from  decay to  rise with 
th e  form ation of a distinct 
trough  in the  m yogram . The 
trough occurred when the 
contractile  un it was neither 
lengthening nor shortening; 
it, therefore, represents the  
capacity  to  produce tension 
a t th a t  m om ent a fte r the 
la test stim ulus. The dotted  
lines in  Fig. 22 denote th e  
individual active s ta te  curves 
in the series and have been 
included to  illustra te  th a t  the 
troughs in th e  m yogram  are 
related  to  th e  rising phase of 
th e  active s ta te  curve. B y p lo t­
ting the  trough  tensions with
the preceding stim ulus as a common origin, th e  rising phase of the  active 
s ta te  can be defined.
Figure 23 shows the active s ta te  curve in an isolated fibre a t 2C (' 
and  a sarcom ere spacing of 2-05 /<. The experim ental values on the  
rising phase of the  curve refer to  the  troughs in Fig. 22. The decay
phase is based on the  quick- 
release m easurem ents de­
scribed in Fig. 21. The 
plateau represents th e  te ­
tan ic  o u tp u t a t  the sarco­
m ere length considered. 
The curve illustra tes the 
general features of th e  ac ­
tive s ta te  curve as observ­
ed in these preparations. 
I t  is of p a rticu la r in te r­
est to  note th e  very  rapid 
rise in  the  m echanical a c ­
tiv ity . Full in ten sity  is 
achieved w ithin a few (4-5) 
msec a fte r the  onset of the  
ac tiv ity . A m uch longer- 
tim e, on the  o ther hand, is 
tak en  up bv th e  decay phase. 
In  th e  exam ple illustra ted  
in Fiv. 23 abou t 200 msec
F ig . 23. — Ordinate: in tensity  o f the active  
state, percentage o f m axim um  (tetanic 
tension). Abscissa: tim e after stim ulus, 
msec
F ig . 24 . — O rd ina te : see Fig. 23; abscissa: tim e  
a f te r  s tim u lus, msec
7(7 m sec
were needed for the  active 
s ta te  to  decline from  90 to  
10 per cent o f m axim um  
activ ity . As lias been d e­
m onstra ted  previously (fid- 
man e t al. 1966), the  tim e 
of onset of the  decay as also 
the  steepness o f th e  decay 
phase, a t  a  given tem p era tu re  
and  sarcom er length, vary  
considerably from  fibre to  
fibre.
F igure 24 illustrates the
active s ta te  curve defined a t  
th ree  different sarcom ere 
lengths (2-42, 2-04 and  1-70 p) 
in th e  same fibre a t 2° C. In 
determ ining th e  decay phase 
(see above) th e  sam e am ount o f release (0-1 ///sarcomere) was used in all
cases. The m axim um  ac tiv ity , i.e. the  te tan ic  o u tp u t, has been expressed
as 100 per cent a t  all lengths investigated . There was no detectable change 
in th e  rising phase o f th e  active s ta te  curve by altering  th e  degree o f ex ten ­
sion of the  fibre. The duration  of th e  ac tiv ity , however, was progressively 
decreased by a  reduction in  the  sarcom ere spacing due to  an  earlier onset 
of th e  decay phase of th e  active s ta te  a t  the  sho rter lengths. In  six com ­
plete experim ents perform ed the  duration  of the  active s ta te  a t 1 -if p sarco­
mere length  was 48-84 (mean: 71) per cent of the  active s ta te  duration  
existing a t  2-6 p, as m easured a t 50 per cent of m axim um  activ ity .
Previous experim ents on th e  frog’s sem itendinosus fibre (Edm an and  
Grieve 1966, E dm an  e t al. 1966) would seem to  indicate th a t  th e  duration 
of th e  active sta te , at a given sarcomere, spacing, is q u an tita tiv e ly  re la ted  
to  th e  duration  of the  action po ten tial. I t  was, therefore, of in terest to  find 
ou t w hether or no t the  action po ten tia l was affected by altering the  degree 
of extension of th e  fibre. In  order to  te s t th is  point, in tracellu lar recordings 
of th e  action po ten tia l were perform ed a t various sarcom ere lengths in the 
same fibre using a s tan d ard  glass electrode, or in some experim ents for 
m easurem ents below slack length (2-3-1-8 p), by means of a m ovable, 
B rady-W oodbury ty p e  of glass electrode. Shifting from  one length to  
ano ther w ithin th e  range 2-9-1-8 p did  no t have any  significant effect 
on th e  action poten tial. F igure 25 shows two superim posed action p o ten ­
tials recorded a t  2-9 p and  2-35 p sarcom ere spacings. As can be seen, 
the  tw o poten tials are alm ost identical.
The resu lts have shown th a t  th e  degree of extension of the  cell is a 
determ inan t of th e  tim e course of the  active s ta te  in the  skeletal muscle 
fibre. L ittle  is know n a t  the  present tim e, however, as to  th e  mechanism  
by which th e  length  dependence of th e  m echanical ac tiv ity  is achieved. 
I t  is clear th a t  th e  effect on th e  ac tive s ta te  course produced by a length  
change in  th e  fibre is no t to  be a ttr ib u te d  to  a change in the  du ra tion  of the  
action poten tial. The degree of extension of the  cell, thus, p robably  controls 
a  more in tim ate  step  in the  exc ita tion -con traction  process. There is strong
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F ig . 25
support from  previous experim ents (Edm an et al. I960) for th e  idea th a t 
the  tim e course of the  active s ta te  is governed by an  ac tiv a to r agent released 
into th e  in tracellu lar com partm ent a t th e  depolarization of th e  p lasm a 
m em brane. On th is  basis, th e  presen t findings suggest th a t  th e  ra te  of 
m etabolism  of the ac tiva to r, e.g. the  speed by which i t  is inactivated , or 
elim inated from  th e  m yofibrillar space, is dependent on the length  s ta te  
o f th e  sarcomeres.
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JÖ BSIS (D epartm ent of Physiology, D uke U niversity Medical Center, 
D urham ):T hank  you, D r E dm an, for th e  very  clear presentation of these 
in teresting data . 1 m ust confess th a t  I  was perhaps a b it arch in my first 
response to  D r H anson’s question and  would like to  m ake am ends quickly 
before we discuss D r E d m an ’s contribution.
I f  we do w ant to  consider th e  active s ta te  th e  following rem arks m ay be 
re levant, (i) The active s ta te  m ay correspond in ac tiv ity  and  in tim e course 
to  the  tension in term ediate , b u t becomes m anifest th rough  a long lag 
period created  by a large series elastic com ponent. However, I  see little  
evidence of this, (ii) The ac tiv ity  and  tim e course of some o ther in te r­
m ediate such as AMCa (or AC in the  model) m ay correspond to  th a t  of 
th e  active sta te . This appears m uch more likely. The cross bridges have 
formed, b u t the  deform ation reaction th a t generates tension still needs to  
tak e  place. T h at reaction has its  own tim e course and th is m ay account 
for th e  re la tive sluggishness of th e  tension developm ent. The series elastic 
com ponent m ay also con tribu te  b u t does no t need to  be th e  m ain reason 
for th is sluggishness, (iii) The active s ta te  in th e  to ad  sartorius is probably  
no t m axim um  afte r a single stim ulus. There are several reasons for th ink ing  
so, b u t th is is no t th e  tim e to  go in to  them . The result w ould be th a t  the  
active s ta te  curve would no t be flat-topped b u t rounded, i.e. i t  would look 
very  m uch like any of th e  reaction in term ediates.
In  conclusion th en  I  would like to  say th a t it m ay be possible to  illum inate 
the  th ink ing  abou t th e  active s ta te  bv inform ation gained from  th e  kinetic 
in te rp re ta tio n . However, since I  do no t feel th a t  the  active s ta te  concept 
has been very  fru itfu l, w ith th e  exception of Dr E d m an ’s elegant work,
1 do not believe th a t  I  will spend m uch effort on in te rp re ting  its  meaning.
B r i n l e y : I  am im pressed by th e  really  elegant m echanical experim ents 
which D r E dm an has perform ed on single fibers, and  my question should 
n o t be considered as im plying any  so rt of criticism. I t  has been shown by 
Huxley and  P eachy (1961) and  by Gordon, H uxley and Ju lian  (1966) as 
well as by others, th a t  th e  degree of overlap of sarcom eres (and hence 
presum ably  th e  tension developm ent) is non-uniform  along th e  length  of 
a single fiber. 1 ask, therefore, if  th e  results of single fiber experim ents in
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which th e  m easured active s ta te  tension is a so rt o f average tension m easured 
over all of the  sarcom eres can he used to  discuss the  behavior o f sliding 
filam ents in a single sarcomere.
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Kd m a n  (D epartm ent of Pharm acology, U niversity of Lund, Lund): 
The sarcom ere spacing varies by abou t ± 2  per cent of th e  m ean value 
in the  middle segm ent of the  fibre, i.e. the  portion  (approxim ately 9(1 
per cent of the  fibre length) considered in the  present study. I t  is also 
well known th a t  th e  sarcom eres a t  the  ends of the  fibre (approxim ately 
10 per cent of th e  fibre length) are sho rter th an  in the  rest of the  fibre. 
As was described previously (Edm an 1966) there  are very uniform  changes 
in the  band p a tte rn  during contraction. The degree of hom ogeneity of the 
sarcom ere spacing w ithin th e  m iddle segm ent existing a t  rest is thus main 
ta in ed  during ac tiv ity , and there is no yielding of th e  sarcom eres in the  end 
regions. These findings hold tru e  w hether the  fibre develops tension a t a 
s tre tched  length (< 3 -0  p) or a t a shortened sta te . The alm ost com plete 
reproducibility  o f the  sarcom ere p a tte rn  from one contraction to  ano ther 
is evident from K and  F  in Plate I in E dm an (1966). I t  is a requirem ent, of 
course, th a t  th e  fibre is in a perfect functional condition during these 
m easurem ents. Any dam age to  the  fibre’s function produced, for example, 
by too frequen t or too strong stim ulation, is m anifested by local yielding.
On the  basis of th is  inform ation we conclude th a t  it is adequate to  
correlate the  tension o u tp u t of the  fibre with the  m ean sarcom ere length 
of the  m iddle segm ent o f th e  fibre. The leng th -tension  relation ob tained  in 
th is  wav is no doub t valid for in te rp re ta tion  of the  mechanical behaviour 
of th e  cell a t th e  level of th e  individual sarcomere. One certain ly  has to  
recognize the  variab ility  of the  sarcom ere length  th a t exists, b u t the  error 
introduced due to  th is variab ility  would not be g reater th an  a few per 
cent in the  way th a t we have arranged th e  m easurem ent.
I! F F E R E N 0  E
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It was followed by a discussion abou t the  details of E dm an’s con tribu­
tion. P artic ipan ts  in sequence: W ilkie, Ebashi, E dm an.
D a v ie s  (School of V eterinary  Medicine, D epartm en t of Anim al Biology, 
U niversity  of Pennsylvania): This work was done with Dr M. J . K ushm erick 
and, in p a r t, .Mr R. E. Larson, and  was on single contractions a t  0° C of 
isolated frog (Rana pipiens) sartorius muscles which had  been p re trea ted  
with 0-38 v i m  2,4-fluorodinitrobenzene ( FDNB) for 40 min at (1° C. This 
trea tm e n t com pletely inh ib its A TP-creatine-phosphotransferase and  allows 
tb e  d irect m easurem ent o f ATP breakdow n in single contractions of muscles. 
All m easurem ents of ATP breakdow n were based on th e  increase in inorganic 
phosphate. E xperim ents have now been carried ou t in several ways, 
(i) Muscles were given one supram axim al electrical pulse, allowed to
con tract unloaded, th en  re-extended when the  tw itcli was over and  re ­
stim ulated  a t 1 sec intervals. This was done for 5, 10, 20 or 30 contractions 
on groups of muscles which were com pared w ith th e ir u n stim u la ted  paired  
controls. The results were all sim ilar and  th e  change was —0-08 ±  0-009 
iim A TP/g/activation. (ii) W hen the  muscles were unloaded and  allowed 
to  s tay  fully shortened a fte r th e  first pulse, the  resu lt was —0-054 ±  
dr 0-0075 pM  A TP/g/activation. (iii) In  experim ents sim ilar to  those in (ii), 
except th a t  th e  muscles were stim ulated  a t 10 p u ls e s /s e c , th e  resu lt was
— 0-021 r t  0-010 /Im ATP/g/pulse. (iv) In  sim ilar experim ents b u t a t  50 
pulses/sec th e  change was —0-0065 ±  0-002 pM  ATP/g/pulse and 25 per 
cent of th is  occurred a f te r  the  las t pulse had been given.
A fter allowance for th e  differences am ongst the  various series of experi­
m ents, it  seems th a t  th e  best figure for a single com plete ac tiva tion  is
— 0-05 r t  0-01 pM A T P/g/activation. This is highly significantly different 
from  zero, whereas in  our earlier experim ents both w ith frog rectus abdo­
minis and  w ith  sartorius we could no t distinguish between 0-0 and  —0-1 pM 
A TP/g/activation (Cain e t al. 1962, In fan te  e t al. 1964). I f  th e  pulses are 
given rap id ly  th en  th e  am ount per pulse becomes smaller. This all fits 
w ith th e  view th a t  th is ATP is requ ired  to  pum p calcium back from  the  
cytoplasm  to  the  sarcoplasm ic reticulum  and  th a t  if th e  second pulse is 
given in  quick succession th en  less calcium is liberated  as a resu lt of th a t  
pulse. However, th e  ra te  of ATP usage per u n it tim e rem ains high so it 
appears th a t  th e  calcium  pum p is continuously active in a  muscle th a t  
is being continuously stim ulated  electrically.
Hill (1949) gives th e  value for th e  ac tiva tion  heat as 1-2 m cal/g/activation 
an d  a t a  —A H  of 10 000 cal/M ATP this would require 0-12 p m ATP, and 
it is of in te re st th a t  D ydynska an d  W ilkie (1966) and  Wilkie found th a t  
th e  to ta l in itia l heat p roduction is sim ilar in  norm al and  F D N B -trea ted  
sartorius muscles. Thus ac tiva tion  hea t does no t come directly  from  the  
breakdow n of ATP. This is confirmed by  experim ents in salines m ade th ree 
tim es hyperton ic w ith  sucrose where th e  muscles still tran sm itte d  a norm al 
action po ten tia l b u t failed to  contract. The change was —0-006 ±  0-008 pM 
ATP/g/pulse a t  5 or 20 pulses/sec which is n o t significantly different from 
our earlier finding (Cain e t al. 1962) for th e  frog rectus abdom inis of 
0-0 ff; 0*01 p m phosphorylcreatine/g/pulse a t  12 pulses/sec.
In  th e  first series of experim ents th e  muscles did a lot of shortening 
b u t very  little  work and, on th e  basis of H ill’s new form ula for shortfining 
heat (Hill 1964), the  calculated shortening hea t would have been equivalent 
to  —0-154 ±  0-009 pM A T P/g/contraction based on 10 000 cal/mole for 
— A H  for ATP. This figure includes the  hea ts of ionization of the  products 
and  fits the  recent findings of D ydynska and  W ilkie (1966) and  Wilkie. 
E ven  if  th e  whole change in ATI’ were due to  shortening hea t and  all the 
ATP were used in such a w ay as to  give m axim um  heat o u tp u t, i.e. 
0 per cent therm odynam ic efficiency (work/—AF);  th e  difference is 
0-074 ±  0-0126, which is very  highly significant. The im p o rtan t th ing  is 
th a t  th is is n o t any  extra ATP u tilization above th a t  in an  isom etric tw itch  
bu t the  ivhole of th e  ATP used for all th e  processes. Thus, under these 
conditions it  appears th a t  i t  is impossible th a t  shortening heat could have 
come directly  from  th e  breakdow n of ATP. Only by assum ing a sufficient 
breakdow n of ATP during contraction followed by  a resynthesis during
12 Symp. Biol. Hung. 8.
relaxation  could these resu lts fit. However, th is possibility lias already 
been te s ted  and  found no t to  be so (Cain e t al. 1962, In fan te  1962, 
In fan te  e t al. 1964).
Thus it seems th a t  shortening hea t is not degraded free energy from  
A TP and  th is  conclusion fits w ith th e  calculations for shortening heat 
based on hydrogen-bond form ation given in N ature  (Davies 1963), where 
shortening heat is believed to  be transform ed entropy.
Muscle is rem arkable in th a t  th e  faste r it  moves th e  less ATP i t  uses 
per u n it d istance i t  shortens. We were in terested  in th e  efficiency w ith 
which th e  energy libera ted  from  th is ATP is utilized for m echanical work 
a t  different speeds.
We chose th e  m ost d isadvantageous assum ption to  get th e  efficiency by  
first com paring th e  ex ternal work done w ith th e  to ta l ATP used con­
com itantly . A t constan t velocities from  0-6 to  3-0 cm/sec during tetan ically- 
stim ulated  m axim ally working single contractions on a Levin- W yman 
ergom eter a t 0° C th e  ap p a ren t efficiency was constan t a t abou t 55 per cent 
based on an average value of —A F  - 10 000 cal/M ATP a t th e  estim ated  
concentrations and  p H  in th e  muscle cytoplasm  (K ushm erick an d  Davies 
1966). We now find th a t  a t  lower and  higher speeds the  efficiency falls 
dram atically .
A t low speeds th e  muscle approaches th e  isom etric s ituation  an d  m ust 
be continuously doing in terna l work because of th e  to  and  fro m icro­
dithering  in apparen tly  fused isom etric te tan i th a t  was discovered by  
Nicolai (1936).
A t high speeds th e  reduction  in efficiency can be accounted for by the  
theo ry  published earlier (Davies 1963). The shape o f th e  force-veiocity  
curve is accounted for by th e  occurrence o f a velocity dependent reaction. 
The theo ry  is based on th e  assum ption th a t  in ac tiv a ted  muscle a calcium 
link  is form ed between ac tin  an d  a  p o stu la ted  flexible rap id ly  coiling poly­
peptide o f H -m erom yosin. F o r electrostatic  reasons th is  pep tide then  
con tracts to  form  an  a lpha helix and  causes th e  re la tive m ovem ent between 
actin  and  m yosin which is believed to  be th e  basic reaction of muscle 
contraction. This linkage is less likely to  occur a t high relative-velocities 
so fewer an d  fewer links will form a t  high speed, which accounts for the  
reduced force developed and  th e  reduction in  th e  am ount o f ATP split 
per g per u n it d istance m oved. A t th e  highest speeds th e  actin  site will 
ten d  to  have m oved th rough  m uch o f th e  possible d istance along which 
th e  flexible pep tide can operate (100 Á), so b y  th e  tim e th e  linkage has 
formed, the  d istance th rough  which th e  peptide can pull and  do work will 
be m uch reduced. Thus th e  ex ternal work done per molecule o f ATP (which 
is believed to  break th e  a lpha helix and  p artia lly  ex tend  the  peptide tow ards 
th e  ß configuration) will be reduced and  the  efficiency (work/ — A F ) will 
fall as has now been observed.
I f  an  allowance is m ade for th e  ATP usage associated w ith th e  electrical 
stim ulation (25 pulses/sec) during these isovelocity contractions (calculated 
a t  —0-01 fiM ATP/g/pulse) th e  efficiency for ex ternal work becomes even 
m ore velocity dependent and  reaches values of as m uch as 90 per cent 
a t  velocities from  1-2 cm/sec a t 0° C and  near zero a t th e  lowest and  
highest velocities of shortening. This is very rem arkable b u t nevertheless 
seems to  be true .
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Thus we have shown (i) th a t  a t  0° C in D N F B -trea ted  frog sartorius 
muscles th e  ATP change associated w ith ac tiva tion  is —0-05 ±  0-01 iim 
A T P/g/activation; (ii) th a t  shortening heat does not come directly  from 
th e  breakdown of ATP; and  (iii) th a t  the  efficiency (external w ork/—AF ) 
o f a  working muscle is extrem ely  velocity dependent. A fter allowance for 
ac tiva tion  it  is near zero a t th e  lowest and  highest speeds and  reaches 
90 per cent a t  th e  middle ranges.
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W il k ie : W ere the  experim ents on th e  chemical equivalent of th e  sho rten ­
ing hea t perform ed on series of contractions or by  freezing th e  muscle a t 
th e  peak  of a single unloaded shortening?
D a v ie s : Our experim ents were perform ed on a  series of contractions. 
However, since th e  d irect ATP equivalent o f th e  shortening hea t was 
g reater th an  th e  to ta l observed ATP breakdow n in th e  whole series of 
contractions, i t  would only be possible to  account for shortening hea t as 
degraded free energy from  ATP if  there  were a resynthesis o f ATP during 
relaxation , and  we know  th is  does no t occur.
We have begun experim ents in which th e  muscle is frozen a t  th e  peak 
o f single unloaded shortenings. The resu lts agree w ith th e  previous series 
in th a t  th e  ATP breakdow n is too small to  account for shortening heat, 
if i t  were degraded free energy ra th e r th a n  transfo rm ed  en tropy. However, 
i t  will be necessary to  m ake m any more experim ents before th e  results 
have a sta tis tica l valid ity  equivalent to  th e  first series. I t  is true , as sug- 
tes ted  by Prof. A. V. Hill, th a t  experim ents o f th is  ty p e  ob ta ined  from 
m easurem ents on muscles th a t  have shortened b u t not relaxed, will be m ost 
compelling.
Ger g e l y : I  should like to  ask, if i t  is indeed th e  case th a t  th e  shortening 
hea t does no t have a  chemical cou n terp art in  ATP or creatine phosphate 
breakdow n, if  i t  is possible to  decide w hether th e  co un terpart is an  entropy  
or an  en thalpy  change in  th e  contractile  system  itself. In  e ither case, one 
would expect th a t  to  reverse these changes there  should be a corresponding 
chemical coun terpart during relaxation. Is th ere  any  experim ental evidence 
bearing on th is po in t?
D avies (School of V eterinary  Medicine, D epartm en t of A nim al Biology, 
U niversity  o f Pennsylvania): Our experim ents show th a t  shortening heat 
cannot be degraded free energy from  the  breakdow n of A TP itself. This 
m eans th a t  some ex tra  reaction m ust occur in which there  is a  large differ­
ence betw een the  en thalpy  and  th e  free energy change. This, of course, 
m eans th a t  there  is a big en tropy  change in the  reaction, so the  answer
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to  your question really should be ‘b o th ’. The heat o u tp u t is due to  the 
decrease in  en tropy.
A specific mechanism  has been p u t forw ard in A  Molecular Theory of 
Muscle Contraction (Davies 1963). in  th is  theo ry  th e  assum ption is th a t  
th e  energy from  each ATP is used to  break  46 hydrogen bonds in an  a-helix 
to  form a flexible polypeptide. The pep tide is postu la ted  to  be p a r t  of the 
cross bridge o f H -m erom yosin and  to  exist in resting  muscle in an alm ost 
random ly coiling form, although it would spend p a r t of its tim e in th e  ^-con­
figuration. W hen calcium becomes available in th e  sarcoplasm , it is believed 
to  form  a link between the  bound ATP of th is  pep tide and  th e  bound A D P 
on th e  ac tin  filam ents. The n e t resu lt of th is  is to  shorten th e  polypeptide 
in to  an  a-helix. This should cause th e  form ation of 46 hydrogen bonds, 
and  I  believe th a t  th is is th e  source of the  shortening heat. The details 
are given in th e  N ature  paper. The theo ry  even p red ic ted  th a t  shortening 
heat should be less during very  lightly-loaded and  hence very  rap id  con­
trac tions, when m any cross bridges will no t in te rac t even once. This was 
la te r observed by Hill (1964).
The im p o rtan t th ing  is th a t  th e  hea t o u tp u t for the  form ation of hydrogen 
bonds under these circum stances was based on a  figure of around  1500 cal/M. 
whereas th e  free energy change is only abou t one-seventeenth of th e  asso­
ciated  heat change. This situation  has been discussed in great detail by 
D r W ilkie (1960) in his review Thermodynamics and the Interpretation of 
Biological Heat Measurements. In  th is case the  small changes in free energy, 
as th e  a-helices are form ed serially betw een myosin and  actin , are associated 
w ith a large hea t o u tp u t because of the  en tropy  transform ation . In  the  
m olecular theo ry  of muscle contraction th is  is w orked ou t and  there  is 
rem arkable agreem ent between the  observed and th e  calculated shortening 
heat. In  fact, allowing for th e  more recent values for th e  en thalpy  of h ydro ­
gen bond  form ation during th e  form ation of a-helices in aqueous solution, 
A H  is p robably  abou t —1200 ra th e r th an  - 1500 cal/M (H erm ans 1966). 
This new figure gives an even b e tte r agreem ent th an  before, i.e. observed 
4-4 mcal/g, calculated 4T mcal/g, whereas th e  previous calculated  figure 
was 5-3 mcal/g for th e  p articu la r situation  discussed in th a t  paper.
A nother m ost im p o rtan t conclusion is th a t  th e  ra tio  of th e  en thalpy  to  
th e  fi ee energy is such th a t  th ere  should be a heat u p tak e  alm ost equivalent 
to  th e  heat o u tp u t when th e  helix is broken. This is necessary to  reconcile 
th e  findings o f Carlson, H ardy  and  Wilkie (1963) and  o f Hill (1964).
I t  is in teresting  th a t  th is  hea t up take, which thus abolished th e  sho rten ­
ing heat in th e  over-all contraction-re laxation  cycle, occurs during th e  tim e 
th e  tension relaxes to  zero. I t  does no t m atte r w hether the  muscle re tu rns 
to  its  original length. I t  is th e  final extension o f th e  peptides to  th e  resting 
situation  which, according to  th e  theory , caused th e  heat up take, and  
th is  would be so w hether th e  muscle rem ained short or long.
The experim ental evidence bearing on th is  po in t is precisely the  apparen tly  
con trad icto ry  findings of Hill, and of Carlson, H ard y  and  W ilkie. Since 
bo th  H ill an d  W ilkie, and  others, agree th a t  shortening heat really  is real 
during th e  tim e th e  muscle is shortening, it seems best to  assum e th a t  
bo th  sides are correct, and it is th is  assum ption th a t  is q u an tita tiv e ly  accoun t­
ed for by th e  theory . This led to  our experim ents which were designed 
to  te s t w hether, in fact, shortening heat is degraded free energy from  ATP.
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Now th a t  we know th a t  it is not, th is finding seems to  be strong support 
for th e  m olecular theo ry  or any  o ther possible m echanism  which would 
lead to  sim ilar predictions.
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B e n d a l l : Could you give any  detail on the  n a tu re  of activation  heat 
in re lation to  the  over-all efficiency o f the  contractile  process?
D a v i e s : The source o f th e  activation  heat is no t certain ly  known, although 
1 have suggested th a t it  is associated with th e  release of calcium from  the 
sarcoplasm ic reticulum . Our belief is th a t  the  A TP associated w ith ac tiv a ­
tion  is needed to  pum p th e  calcium  back again a fte r it  has been released, 
an d  th is  occurs during th e  decay o f th e  active state . Our best figure for 
a single com plete ac tiva tion  is —0-05 ±  0-01 pM A T P/g/activation (at 0° C 
in frog sartorius muscle tre a ted  w ith 2,4-fluorodinitrobenzene). This usage 
of ATP necessitates a significant correction factor in th e  observed over-all 
mechano-chem ical efficiency of single isovelocity concentrations. Thus, the  
over-all efficiency of 55 per
cent becomes abou t 90 per 
cent for th e  mechanical gen­
e ra to r a t  a velocity o f 2 
cm/sec based on th e  assum p­
tions 1 have presented p re­
viously.
S p r o n c k  (Laboratory of 
General Biology, U niversity  
o f Liege, Liege): The tim e 
course o f phosphorvlcreatine 
(PC) sp litting  a t 2° C in frog 
sartorii (Rana temporaria), 
poisoned with 0-4 »im mono- 
iodoacetic acid (IAA) has 
been followed by chemical 
ana lyses: chrom atography 
(H anes and Isherwood 1949), 
and colorim etric de term i­
nations of creatine (Knnor 
an d  R osenberg 1952) and  
inorganic phosphorus (Be- 
renblum  and  Chain 1938a 
an d  b). These resu lts have 
been previously published 
(Spronck 1965) and will be 
briefly recalled to  mind here.
F ig . 26. — Time course o f  PC splitting (curves 1 
to  6 , o), o f  A TP and H D P  breakdown and syn ­
thesis (/IATP, □ and d H D P exp., A) (luring and 
after 5 isom etric tw itches (frog sartorii, 2° C): zero 
tim e corresponds to  the end o f the last relaxation; 
an increase in the am ount o f C, ATP and H D P  
is indicated as positive. The results concerning 
each pair o f  muscles (at rest and stim ulated) are 
grouped along the vertical lines bearing the sam e 
numbers as the corresponding curves. Each sm all 
horizontal dash represents an experim ental value. 
I t  has been necessary to  the clarity o f  the figure 
to  displace som e o f  the vertical lines along the  
tim e axis
The muscles are frozen a t  liquid air tem peratu re , 0, 10, 15, 30 and  60 
seconds a f te r  five isom etric tw itches (1 per sec), zero tim e being taken  
a t the  end o f th e  fifth re laxation  period.
P ost-con tractile  PC hydrolysis could be detected  in each of th e  six 
groujis of frog investigated  (curves 1 to  6 in Fig. 26).
A lthough large differences are observed in  the  am ount of PC split a t 
zero tim e, th e  tim e course of PC breakdow n a fte r m echanical ac tiv ity  
seems to  follow a ra th e r constan t p a tte rn , as shown in Fig. 27 where 
th e  differences betw een th e  average PC split a t  zero tim e (0-875 fiu/g) and  the 
am ount hydrolyzed a t 10, 15, 30 an d  60 seconds are p lo tted  against tim e.
Since we were working on IAA poisoned muscles, i t  appeared  in teresting  
to  follow th e  tim e course of fructose-1-6-PP (HD P) and  triose-P  m etab ­
olism, th e  accum ulation of which involves an  ATP breakdown. The H D P  
m etabolism  has been investigated  by  chrom atographic analysis b u t the  
corresponding am ounts o f triose-P  have been estim ated from  th e  equilibrium
determ ined  by M eyerhof and  Lohm ann (1934).
D uring m echanical ac tiv ity , th e  sarto rii use 0-875 /<M of PC/g, 0-130 fta i/g  
of H D P  disappear, and  a  few determ inations of ATP show a hydrolysis 
o f 0-33 piu/g. I f  we assum e th a t  m ost o f th e  A D P produced  by stim ulation 
is rephosphory lated  according to  the  reactions PC +  A D P —► C -f- A TP and  
H D P  -f- A D P HM P -f- ATP one concludes th a t  a t the  end of th e  last
constant
1
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F ig . 27 .— Is derived from Fig. 26. zlFC, (o) cor­
responds to  the individual post-contractile hydro­
lysis increm ents observed at each tim e interval; 
the value shown for zero tim e corresponds to  the 
average o f the zero tim e determ inations; A PC2 
( • )  corresponds to  the average o f  th e  ordinates 
read on curves 1 to  6 in F ig. 26, and zJPC is the  
m ean o f  A P C , and APC.,
-30-
F ig . 28. — Time course o f  
PC m etabolism  with 5 per 
cent CO„ in 0 2, during and 
after 5 isom etric tw itches 
at 2° C
tw itch, th e  muscles have actually  split 0-875 - f  0-130 -f- 0-330 =  1-335 
pM/g of ATP, of which 0-875 only have been pa id  w ith  PC, so th a t  the  
'd e b t’ o f PC am ounts to  0-130 pivi/g -)- 0-330 pM/g =  0-490 pM/g.
D uring th e  m inute which follows, th e  muscles go on sp litting  PC a t  a 
decreasing ra te : 0-825 pM/g being consum ed a fte r 60 seconds. They resyn ­
thesize the  H D P  lost during m echanical ac tiv ity  in  less th a n  10 seconds 
an d  accum ulate afterw ards 0-335 pM/g of th e  same. Assum ing th a t  H D P  
synthesis corresponds to  a loss of an  equivalent am ount of ATP, rap id ly  
pa id  with PC, there  is left 0-825 pM/g — 0-335 pM/g =  0-490 pM/g of PC 
to  com pensate for th e  ATP no t resynthesized during ac tiv ity , which can 
be shown to  be recovered in 15 or 20 seconds a fte r th e  end  of th e  last 
contraction.
The post-contractile  PC sp litting  detec ted  by chemical analysis m ight 
be correlated  w ith  th e  negative delayed h ea t observed by H artree  (1932), 
I). K. Hill (1940) and  A. V. H ill (1961). I t  is also an  argum ent in favour 
of th e  in te rp re ta tio n  of th e  alkalization observed by  Dubuisson (1939) and  
D istéche (1960) and  a ttr ib u te d  to  L ohm ann’s reaction.
I t  is generally adm itted , b u t w ithou t a com plete experim ental proof, 
th a t  PC recovery proceeds from  th e  ATP th rough  L ohm ann’s reaction. 
If th is is ac tua lly  th e  case, an d  if  th e  alkalization observed by  D ubuisson 
(1939) and  D istéche (1960), represen ts ac tua lly  th e  PC sp litting  by  L oh­
m ann’s reaction, th en  th e  fact th a t  th is  alkalization appears in IAA- 
poisoned as well as in  unpoisoned muscles im plies th a t  PC recovery m ust be 
coupled w ith  o ther chemical events so th a t  no p H  change occurs.
R ecent experim ents by D ydynska an d  W ilkie (1966) have shown th a t, 
in norm al muscle, in 0 2 a t  0°C, th e  PC split during a 30 sec te tan u s  (5-9 
pM/g) is resto red  w ith a roughly  exponential tim e course whose half-tim e 
is abou t 10 m inutes and  which lasts 40 to  50 m inutes. This fact m ay be 
supported  by In fan te , K laupiks and  Davies (1965) who have shown th a t
183
Fig. 29. — Time course o f  PC m etabolism  with 5 per cent 
CO, in nitrogen, during and after 5 isom etric tw itches
at 2° C
all th e  PC split during 20 
or 40 m inute incubation  in 
0-25 TOM 2,4-dinitrophenol 
(8(1 per cent of th e  to ta l PC), 
was resynthesized w ithin 25 
m inutes a f te r  rem oval from 
the  drug, a t 20° C.
W ith  th e  sam e techniques 
as those we used for PC 
hydrolysis an d  a fte r the  
sam e and sm all mechanical 
ac tiv ity , it is possible to  
follow th e  tim e course of PC 
recovery in muscles which 
are no t poisoned w ith 1AA.
Figure 28 shows the  
quick recovery of PC in 
aerobic conditions (95 per 
cent 0 2, 5 per cent C 0 2), 
80 per cent of the  PC split 
during 5 isom etric tw itches 
being resynthesized 10 seconds la ter already.
In  anaerobic conditions (obtained by placing the  muscle in to  a closed 
cham ber in  a previously nitrogen-gased Ringer b icarbonate solution, 
where it  is su b m itted  to  fu rth e r gassing for 45 m inutes) PC recovery afte r 
5 tw itches occurs in  100 per cent nitrogen only (Figs 29 and  30) and  more 
slowly th an  in aerobic conditions.
Considering our resu lts in nitrogen, one is inclined to  th ink  th a t they  fit 
w ith th e  fact th a t  th e  apparen t equilibrium  constant
k , =  .[PC] • [AD P]
[A TP] • [Cr]
decays in  vitro and  in the  presence of 0-02M M gSO4, from  1-4 a t p H  9-7 to  
0-1 a t  pH 8, to  0-01 a t pH  7-4 and  to  0-00525 a t pH  7 (Noda et al. 1954) 
so th a t  PC recovery seems to  be easier a t  alkaline pH . In  fact, we do no t 
observe any PC recovery w ith 5 per cent C 0 2 in N 2 (Fig. 29), in which 
conditions the  frog sartorius muscle accum ulates lactic acid, and  has an 
approx im ate in ternal p H  of 6-9 (H ill 1955). On th e  o ther hand, Fig. 30 shows 
th a t  in pure nitrogen, th a t  is to  say a t  a more alkaline pH , PC recovery 
is possible.
However, in  aerobic conditions (5 per cent C 0 2 in 0 2), th e  recovery 
proceeds quickly though th e  pH is probably  only slightly higher th an  7. 
At such pH , th e  in  vitro equilibrium  constan t Ic' is lower th a n  0-01, bu t it 
is impossible to  reach such a small value from  th e  ac tua l concentrations 
o f ATP, A D P, PC and  Cr in muscle, unless one adm its the  existence of 
com partm ents in which A D P concentration would fall to  a very low value 
(at least the  ten th  of usual am ount). I f  th is  were so, calculations show th a t 
PC recovery is th en  possible th rough  L ohm ann’s reaction even a t pH  7-0 
(Fig. 31).
F ig . 3 0 .— Tim e course o f  PC m etabolism  in pure 
nitrogen, during and after 5 isom etric tw itches 
at 2° C
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iF ig . 31 .—T im e course o f  PC m etabo lism  in a ll ou r 
ex p erim en ta l cond itions
Evidences for th is  com partm entation  exist. For instance, H ohorst, Reim  
and B artels (1962) have observed, even in IAA, in which conditions muscle 
sets m ore alkaline when contracting, a considerable d im inution of k '  all 
along a 60 sec te tan u s. They conclude to  a functional com partm entation  
of ATP and  A D P, so th a t  a t  least 85 per cent of these do no t react either 
w ith  creatine kinase or w ith o ther kinases a t  a ra te  com parable to  the 
breakdow n of PC.
I t  is well known from  th e  work of Jacobs, H eld t and  K lingenberg (1964) 
th a t  a high level of creatine kinase exists in isolated  m itochondria free 
from  any  cytoplasm ic contam ination. The enzyme is separated  by m eans 
of agar gel electrophoresis as an isoenzym e of extram itochondria l kinases. 
I f  one accepts th e  m itochondria to  be a cellular com partm ent, it is possible 
th a t  th is  creatine kinase involves a m itochondrial PC recovery, either 
th an k s to  a  very low A D P  concentration due to  ATP production by  th e  
oxidative m etabolism , or through ano ther unknow n and  oxidative process 
of th e  m itochondrial phosphate m etabolism . We, therefore, propose ourselves 
in our forthcom ing experim ents to  determ ine the  pH influence upon PC 
recovery a fte r 5 isom etric tw itches, a t  2° C, when 0 2 assists th is  anabolic 
process and th e  whole m etabolism  proceeds freely.
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W i l k i e : W hat do you th in k  is the  reason for the  difference between 
your recent resu lts and  th e  earlier work of Carlson an d  Siger and  Mom- 
m aerts? (References given a t  th e  end  of m y lecture.) Both of these groups 
of investigators repo rted  th a t  hexose phosphates did  no t form  in IAA- 
poisoned muscles a t  0° C except a fte r prolonged stim ulation.
S p r o n c k : I t  is known th a t,  in 1960, Carlson and  Siger rep o rted  th a t  no 
H D P  was form ed a t  0° C, b u t th is  assum ption was no t based on analy tical 
d a ta . They indicate th a t  Lundsgaard , in  his early  work, found an increase 
in P i and  little  or no esterification of P i as H D P  and  th ey  come to  the  same 
conclusion using th e ir determ inations o f Cr, PCr and  P i only. On th e  o ther 
hand, M om m aerts, Seraydarian and  M aréchal; M aréchal and  M om m aerts 
come to  th e  same conclusion a fte r identical determ inations. These au thors 
only m ention tw o determ inations of hexose m onophosphate and  hexose 
d iphosphate from  which it  seems to  me impossible to  conclude th a t  th e  
H D P  level rem ains constan t a fte r one te tan u s  o f 6 seconds or 6 te tan i 
of one second.
J o h n s o n : W h at do you th in k  is th e  relation betw een your experim ental 
results and  th e  p H  change m entioned in Prof. Jöbsis’ lecture?
S p r o n c k : D r Jöbsis m entioned in his lecture th a t  it  was possible to  
show th a t  one tw itch  produces an  increase in th e  in tracellu lar A D P  level. 
This fact m eans th a t  th e  breakdow n of PC begins la te r th an  th a t  o f th e  ATP 
and  is in com plete agreem ent w ith  th e  post-contractile  PC breakdow n th a t  
we have detected  by  chemical analysis.
D r Jöbsis recalled also to  m ind th e  pH  changes observed bv D ubuisson 
an d  D istéche during muscle ac tiv ity , th a t  is to  say, a rapid acidification 
s ta rtin g  as soon as the  action potential an d  a m uch slower alkalization 
s ta rtin g  generally a fte r a few tw itches and  lasting longer th an  mechanical 
ac tiv ity . The rap id  acidification is a ttr ib u te d  to  ATP breakdow n and  agrees 
fully w ith the  increase in  A D P observed by Jöbsis. The alkalization is 
assum ed to  correspond to  PC breakdown and  our resu lts are an  argum ent 
in favour o f th is  in te rp re ta tion .
Dy d y n s k a : W h at I  am  in terested  in your results is th e  question if 
the  muscle which recovered in nitrogen was in R inger solution, because 
I  found no recovery a fte r te tan ic  contraction in N.,, when the  muscle was 
in pure gas and  I  tho u g h t its  cause lay  in the  accum ulation of lactic acid 
which was no t allowed to  flow ou t of the  muscle and  in R inger solution 
i t  could go ou t of th e  fibres.
S p r o n c k : The anaerobic conditions are ob tained  by  placing th e  muscle 
in about 250 ml of R inger b icarbonate solution and  by gassing th em  for
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40 m inutes a t  2°C, so th a t  lactic acid which could be form ed a t th e  end 
o f th e  trea tm en t is allowed to  diffuse in  th e  R inger solution. This solution 
is rem oved 5 m inutes before th e  electric stim ulation. In these conditions, 
chemical determ inations have shown th a t  th e  am ount of lactic acid present 
in muscle is still low a t  th e  beginning o f th e  first tw itch  and  th e  relatively  
small ac tiv ity  perform ed by th e  muscles in our experim ental conditions 
does no t give rise to  a  sufficient am ount of lactic acid as to  stop PC recovery. 
I  believe however you are righ t to  th ink  th a t  th e  accum ulation of lactic 
acid m ay stop PC recovery if  th e  muscles are kep t in pure nitrogen and  
if  th ey  perform  a m ore im portan t m echanical ac tiv ity . In  these conditions, 
th e  lactic acid m ay reduce th e  p H  to  such low values as to  stop th e  PC 
recovery th rough  th e  L ohm ann’s reaction.
B e n d a l l : In  connection w ith D r Spronck’s rem arks, I  should like to  
draw  a tten tio n  to  th e  fact th a t  during th e  onset of rigor m ortis in in tac t 
skeletal muscle, a t  any  tem p era tu re  between 5° C and  37° C, th e  creatine 
phosphate (PC) level begins to  drop from  th e  m om ent th e  blood supply is 
cu t off and  anaerobiosis prevails. However, th e  pH  a t th is  in tia l stage m ay 
be as high as 7-20, and  in such a case th e  PC level will have dropped  alm ost 
to  zero before the  p H  has fallen below 6-50. Glycolysis in rabb it, pig, beef, 
pigeon and  whale muscles, for exam ple, continues beyond th is  stage until 
th e  p H  has fallen from  5-8 to  5-5. In  spite of th is  substan tia l glycolysis, the 
ATP level begins to  fall more or less rap id ly  as soon as the  PC level has 
fallen below abou t 3 pM/g o f muscle. The in teresting  po in t is, though, th a t  
anaerobic glycolysis cannot m ain tain  th e  PC level, le t alone increase it, 
a t  th e  high in itia l pH  values of 7-2 or above.
A tjbert (L aboratoire de Physiologie générale, Leuven): One o f D r Jöbsis’ 
propositions, in the  course of his excellent p resen tation , s truck  me as 
slightly biased. He showed us th a t  th e  tim e in tegral of th e  fluorescence 
changes was stric tly  proportional to  th e  tension -tim e integral. P rom  th is 
accepted fact, he concludes th a t there  is no place for an  ac tiva tion  energy, 
for, said D r Jöbsis, he had  ‘proven’ th a t  the  tim e-integral o f fluorescence 
was proportional to  th e  to ta l energy used up, and  so no energy was left 
fo r activation . As a  m a tte r  of fact, w hat he has shown us was th a t  th is  
tim e in tegral m easured according to  certain  specifications, was proportional 
to  the  num ber of tw itches delivered by  th e  muscle in a short period of 
tim e. I t  is my contention th a t  tw o postu lates are im plied in th is  procedure:
(1) We are to ld  th a t  th e  fluorescence traces re tu rn s  to  th e  base line a fte r 
8 m inutes a t 12° C, when th e  in tegral is assum ed to  be com plete. B u t in 
m y lim ited experience on the  fluorescence of frog muscle, th e  oxidation 
is very  often  followed by  some reduction lasting for a ra th e r long tim e. 
A nd m ost people working on th e  resp iration  of muscle or on its  recovery 
hea t would certain ly  no t accept th a t  th e  processes of resto ration  are already  
com plete a fte r 8 m inutes a t  12° C. This m ay in troduce a first error.
(2) On th e  o ther hand, is i t  quite certain  th a t  the  to ta l energy increases 
in s tric t proportion w ith  th e  num ber of stim uli or tw itches? I f  no t, th is 
m ight in troduce an  elem ent of non-linearity  in th e  calibration of th e  fluor­
escence curve. Now, m y experience in hea t p roduction is th a t  in  tw itches 
as well as in te tan ic  contractions, previous ac tiv ity  a lters th e  energy 
o u tp u t o f successive contractions. To prove th a t  point, I  p resen t tw o 
figures, which m ight have a more general interest.
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Figure 32 sum m arizes the  evolution of th e  ra te  of hea t p roduction in 
an isom etric contraction w ith the  labile heat (hA) and  th e  steady  heat 
(hB) reached a f te r  a few second contraction (frog sartorius a t  0° C). This 
of course could agree with D r Jöbsis’ s ta tem en t th a t  th e  energy o u tp u t in ­
creases more rap id ly  during a short period of stim ulation th an  during 
a long one in teg ra ted  and averaged.
F igure 33 shows th e  effect of repeating  the  same stim ulation  a fte r a 
given in terva l following th e  first te tan ic  contraction. The tension curve 
(not shown in th e  picture) is p ractically  th e  same a f te r  in tervals of 15 se­
conds upw ards. N evertheless, i t  is obvious th a t  th e  labile heat production 
has been seriously reduced by th e  first b u rst of activ ity , although the  
steady  s ta te  o f heat production is exactly  the  same in both cases. Thus 
there is no fatigue in th e  usual sense. B y com paring th e  effect of in te r­
val (15, 30, 60, an d  120 sec), i t  can be seen th a t  even a fte r two m inutes 
the  labile heat has no t y e t com pletely recovered. This takes more th an  
15 m inutes in our experim ents.
This resu lt shows (i) th a t  th e  same tension tim e can be ob ta ined  w ith 
different energy production (and th e  m easure of recovery h ea t has shown 
th a t th e  heat deficit is a real economy o f energy, no t an en tropy  effect), 
and  (ii) th a t  if th e  labile hea t had  som ething to  do w ith  ac tiva tion  heat, 
its chemical effect could only be appreciated  in th e  very  first contraction 
o f a com pletely restored  muscle.
J ö b s is  (D epartm ent of Physiology and  Pharm acology, Duke University. 
Medical Center, D u rh am ): All of th e  points th a t  Prof. A ubert brought up
iss
iare im p o rtan t ones, indeed. E ach  requires a clear and definite answer: 
(i) The first po int th a t  I would like to  take  up m ay be paraphased: “ Is the  
energy utilization linear w ith th e  num ber of tw itches?” H eat m easure­
m ents shown by  Prof. A ubert prove th a t th is is no t the  case for long te tan i. 
In  addition, it is noted th a t  th e  sam e holds for tw itches. I  certainly was 
no t aware of th is fact. I  can only say th a t  for tw itches th e  \ A F l  is linear 
w ith th e  num ber; I  have never investigated  te tan i in th is m anner. This 
point m ust have been m easured for tw itches w ith m yotherm al techniques. 
Dr W ilkie, do you know of such an experim ent and  w hat was th e  outcom e ?
Wilkie: Answers that he does not know of a published experiment but 
that from his own experience he would say that the heat development is 
linear with the number.
JÖBSIS: T hank  you, D r W ilkie, th a t  settles th e  case for small num bers 
of tw itches. I t  m ay be different, of course, for a tw itch  following a long 
te tan u s bu t th a t  case was no t included in m v presentation. However, 
Prof. A u b ert’s d a ta  on th e  te tan u s  are very  im p o rtan t in their own right. I 
cannot help b u t speculate th a t  tlie increased efficiency of th e  second te tan u s 
m ay have some connection w ith the persistence of some condition favoring 
the  earlier occurrence of th e  ‘locked’ or crystalline state , (ii) Prof. A ubert 
po in ted  ou t th e  problem s encountered by th e  occurrence of oscillations in 
the  fluorom etrie response. These fluctuations are caused by oscillations in 
the  glycolytic ac tiv ity  which are reflected in oscillating A D P levels which 
in tu rn  produce oscillations in resp irato ry  chain NAD H. W hen th ey  occur 
th e  jA F l  is sharply  dim inished and  looses its  usefulness as a linear index 
to  th e  recovery. In  Fig. 34 th e  lower curve shows th is  effect. A fter 
6—8 tw itches in rap id  succession oscillations occur and th e  \ A F l  is 
curta iled  sharply. A t a more leisurely ra te  (middle curve) oscillations 
do no t occur b u t th e  \ AF l  is dim inished, owing to  glycolytic recov-
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The top  curve shows th a t 
adm inistration  of iodoace- 
allows a  m uch larger range 
ac tiv ity . The final cu r­
ta ilm ent is p robab ly  re la ted  to  
the  catabolism  of AM P arising a f­
te r  m vokinase ac tiv ity . In  all the  
experim ents rep o rted  so far I  have 
stay ed  w ithin the  linear range 
as te s ted  by  an  occasional group 
o f 3, 4 or m ore tw itches, (iii) The 
fact th a t  th e  ox idative recovery 
m etabolism  of one tw itch  is com ­
p leted  in 8 to  10 m inutes m ay 
only be a  reflection o f th e  fact 
th a t  th e  tem peratu re  is 12° C 
ra th e r th a n  0° G and  th a t  the 
to ad  sarto rius contains a  3-5 tim es 
higher concentration  of resp irato ry  chain com ponents th an  th e  frog sa r to ­
rius. Using a tem peratu re  coefficient (Q10) of 2-5 we arrive a t  abou t 20 m i­
nu tes a t  0° C and  using a 3 tim es lower resp iratory  chain concentration one 
w ould estim ate a  full hour for com plete oxidative recovery in th e  frog sa r­
to rius a t  0° C. I t  is clear th en  th a t, if  erroneous, th e  8 m inute figure is 
too  long ra th e r th a n  too short.
Davies: How long did your tetani last in the experiments that you have 
just described?
Aubert: F our to  five seconds, a t  0° C. Please, no te th a t  th e  labile heat 
is already  declining during th e  first second of te tan iza tion , and  secondly, 
th a t  th e  energy needed to  m ain tain  a te tan ic  contraction during one second 
a t  0° C (m easured as hea t or as creatine phosphate hydrolyzed) is about 
th e  sam e as th e  energy used up in  a single tw itch . The condition of the  
muscle in  m y experim ents is th u s n o t so widely different from  those of 
Dr Jöbsis.
D a v ie s : In  th a t  case th ere  would be a considerable form ation of inosines 
which occurs a f te r  th e  first 1-5 or 2 seconds in  a m axim ally stim ulated  
frog sartorius muscle which has been trea ted  w ith  2,4-fluorodinitroben- 
zene.
H u x l e y : According to  your scheme, a t  the  peak of tension develop­
m ent th e  calcium  level in th e  muscle has already re tu rn ed  again practically  
to  zero. N evertheless, if  a  muscle is given a quick release a t  th is  po in t a 
large recovery o f tension can tak e  place. This would im ply th a t  w ithin 
a  given sarcomere, th e  links in  your scheme m ust all operate in series as a 
muscle shortens, an d  th e  scheme would appear to  exclude system s in 
which links can undergo several cycles of ac tiv ity  during a single shorten­
ing. This is, I  believe, a t  variance w ith  the  observed am ount of ATP split 
and  th e  num ber o f enzym e sites in  th e  muscle.
J öbsis: There is no thing in  th e  model th a t  would lim it th e  ac tiv ity  to  
a single tu rnover. In  fact I  w ould guess th a t  there  would be several. 
However, scheme A w ould more easily generate th e  several cycles of 
ac tiv ity  requ ired  by th e  ~ P  utilization per tw itch . I  believe, th a t  you
190
analyze it  correctly th a t  in  scheme 11 an operation in series would more 
easily explain th e  experim ent to  which you refer.
(Note added after the conference. — New m easurem ents and  calculations 
have shown th a t the  distinction between scheme A and  scheme B is not 
as easily m ade as previously th o u g h t (cf. m y answer to  Prof. E b ash i’s 
com m ent). I t  is, therefore, b e tte r to  s ta te  th a t  the  choice between schemes 
A and  B is no t com pletely settled , a lthough B appears favoured. The 
experim ent th a t  Prof. H uxley brough t up requires thoughtful a tten tio n  
when a  final choice m ust be made.)
G e r g e l y : I  th in k  th a t  D r Jöbsis has presen ted  some extrem ely in te re st­
ing and  elegant experim ental data , bu t, im pressed as we m ay be w ith 
these, we should bear in  m ind th a t  th e  kinetic scheme proposed by  him 
m ay be only one of m any possibilities and  th a t, for instance, in the  case 
o f th e  presence of A D P in th e  active in term ediate  I  do n o t see any  direct 
evidence on th e  basis of th e  k inetic analysis. I  m ay be wrong, b u t I  th in k  
th is  is a po in t one ought to  bear in mind.
J ö b s i s : Yes, it is very  im p o rtan t indeed to  emphasize th a t  the  kinetic 
schemes presen ted  above are only two possible ones. There undoubtly  are 
others. B ut I  do no t believe th a t sim pler ones can be constructed  and  until 
fu rth e r evidence forces a more com plicated scheme, I  would like to  stick 
to  the  sim plest one. The notion th a t  A D P is p a r t of th e  complex th a t  I  
like to  call the  ‘tension in te rm ed ia te’, comes from  m v m easurem ents of the 
delay of th e  cytochrom e h response. I  believe th a t  those d a ta  are correct 
and  I  do no t know of any  m easurem ents th a t  directly  con trad ict mine. 
The in  vitro actom yosin ATPase d a ta  yield some inform ation, some of 
which is in favour an d  some against m y conclusion. Besides, it is hard  to  
bridge th e  gap between ex trac ted  com ponents and  th e  in  vivo situation. 
In  conclusion then , I  agree w ith  you th a t  it  would be a p ity  if m y d a ta  
were overshadow ed by a fau lty  theory . I  will have no scruples if  modifica­
tion  of th e  theory  is requ ired  as more d a ta  become available. U ntil th a t  
tim e, however, I  will have to  do w ith  the  presently  available m easure­
m ents.
H a n s o n : I  do no t understand  why any  A D P reaches the  m ito ­
chondria; why is it no t cap tu red  en rou te bv creatine phosphokinase, 
for exam ple ?
J ö b s i s : Creatine phosphokinase, m yokinase and  some o th er P buffer­
ing system s can only p artia lly  cu t down th e  A D P rise resulting from  the  
contraction. They are equilibrium  system s an d  a new equilibrium  will 
result featuring  a slightly higher A D P concentration. In  fact, i t  has been 
shown th a t  only a  sm all per cent of th e  m axim um  A D P concentration 
is signalled by th e  m itochondria and  th a t  is ju st abou t th e  level one 
expects from  calculations th a t  tak e  the  creatine phosphokinase system  
in to  account. Now, th ere  is a d istinction to  be m ade here. The m axi­
m um  concentration signalled in th is  way is only a small per cent, yet 
th e  to ta l aliquo t of A D P will in th e  end be re-phosphory lated  by the  
resp ira to ry  chain system . W hat happens is th a t  th e  ~  P  buffering sys­
tem s sm ear ou t th e  concentration; m ake it  lower a t  th e  m om ent of 
th e  m axim um  concentration b u t keep feeding in A D P from  the  crea­
tine phosphokinase system  during the  la ter p a r ts  o f the  ox idative recov­
ery period.
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T r e g e a r : Chaplain, A bbott and  W hite showed th a t  in glvcerol- 
ex trac ted  insect flight muscle, ac tiv a ted  by ATP and  calcium, th e  addition 
of A D P raised th e  tension in th e  muscle, reversibly. This is unlikely 
to  be a m vokinase effect, as addition  of fu rth e r ATP did no t have 
th e  same effect. I t  is consistent w ith D r Jobsis postu late  of an ADP- 
in term ediate .
J o b s i s : T h at is a very in teresting and  re levan t observation, D r Tregear. 
and  if  1 m ay be so free as to  in ject m y own po in t of view, it m ight well 
be w orth considering th a t  high A D P levels evoke th e  locking process in 
a long tetanus.
B e n d a l l : P o in ts  ou t th a t  in m am m alian muscle th e  A D P effect is no t 
present.
J ö bsis : Since th e  m am m alian muscle does no t show th is behavior it 
m ay be necessary to  postu late  th a t  the  insect p repara tion  contains an 
exceptionally high ra te  constan t for th e  back reaction of the  final cleavage 
of th e  A D P tension interm ediate.
V o r o b y e v  (In stitu te  of Cytology Acad. Sei. U SSR, Leningrad): A study 
of conform ational changes in protein fibers and  synthetic  polym ers made 
it possible to  regard  muscle con tractility  as a process connected with 
changes in configuration of m yofibrillar proteins, accom plished according 
to  th e  phase transition  type.
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To reveal th e  charac ter of 
conform ational change 
muscle contraction we 
th e  influence of various con­
centrations of some organic- 
solvents on th e  ex ten t of 
contraction of glvcerinated 
muscle fibers a t th e  action of 
ATP.
Flory and  Hneve tried  to  use 
th is m ethod for the  analysis of 
th e  conform ational changes d u r­
ing muscle contraction. The re ­
sults of th e ir experim ents w ith 
ethvlene-glycol and  glycerol 
were in te rp re ted  as an evidence 
in favour of th e  phase transition  
during muscle contraction.
In  our work we checked the  
effect of th e  organic su b stan ­
ces which are known to  d istu rb  
th e  secondary and  te rtia ry  
stru c tu res of p ro tein  m acrom ol­
ecules: dioxane-, form am ide, 
dim ethyl-form am ide, ethylene- 
chlorhydrine and  urea.
Figure 35 represents the  de­
pendence of th e  ex ten t of contraction of g lvcerinated  muscle fibres upon 
th e  addition of ATP and  the  dependence o f th e  ra te  of dephosphoryla­
tion of ATP on the  concentration of dioxane in th e  medium.
I t  m ay be clearly seen th a t dioxane, affecting th e  te rtia ry  s tru c tu re  of 
globular proteins w ithout influencing th e  a-helix, induces sharp changes in 
th e  ex ten t o f contraction. The ATPase ac tiv ity  changes in a  sim ilar way 
although it does no t stric tly  correlate w ith th e  ex ten t of contraction: it 
begins to  decrease already a t such dioxane concentration as does no t 
effect the  ex ten t of contraction.
A t th e  action of ethylenechlorhvdrine (Fig. 36), which is known to  be 
an  agent causing spiralization in globular proteins (it effects the  te r tia ry  
stru c tu re  via the  secondary one), th e  ex ten t of contraction  and  th e  ra te  
of dephosphorylation of ATP proved to  be o f sim ilar character, i.e. they  
depend on th e  range of concentration.
In  th e  case o f dim ethyl-form am ide, which affects the  te rtia ry  s tru c tu re  
and  causes pro tein  spiralization, a sharp change in  contraction was o b ­
served a t  a narrow  range of concentrations from  12 per cent to  7 per cent 
(Fig. 37).
From  these experim ents it is difficult, however, to  evaluate  th e  n a tu re  
of forces partic ipa ting  in co-operative transitions which accom pany con­
traction . But, the  action of such low polar solvents as dioxane, ethylene- 
chlorhvdrine and  dim ethyl-form am ide apparen tly  a lters hydrophobic bonds 
an d  therefore affects first o f all the  te r tia ry  stru c tu re  of m yofibrillar proteins.
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A nother experim ental approach 
to  the  investigation of th e  phase 
n a tu re  o f muscle con tractility  is re ­
la ted  to  th e  effect o f ex ternal forces 
on conform ational transitions o f o r­
der-d iso rder type.
A theoretical survey of phase t r a n ­
sitions in biopolym ers w ith the  o rder­
ed inner s tru c tu re  perm its th e  con­
clusion th a t  th e  loading should in ­
fluence th e  process o f conform a­
tional transition .
I t  m eans th a t  if  co-operative chan ­
ges which have the  charac ter of phase 
transition  really  have tak en  place 
upon muscle contraction, th ey  should 
be sensitive to  the  action of ex te r­
nal forces.
F igure 38 represents th e  d a ta  ob ­
ta ined  from  experim ents w ith gly- 
cerinated  bundles of m. ileo-fibularis o f the  frog. I t  is evident th a t  an 
increase in loading first leads to  th e  increase in th e  ex ten ts  of contraction 
and  ATP sp litting  and  then  resu lts in  their fall.
Figure 39 represents results ob tained  from  the  experim ent w ith the  
fiber bundles of m. psoas of th e  rabb it. On th e  righ t o f the  ord inate 
is given th e  length  o f sarcom ere in th e  originally stre tched  fibers. The 
sarcom ere length was m easured w ith  a diffraction m ethod w ith th e  help of 
a goniom eter. As can be seen, a t  stretch ing  th e  length of sarcom er in ­
creases, th e  m axim um  of contraction and ATPase ac tiv ity  corresponding
to  the  sarcom er length  of 
2-7 /x. I t  seems th a t  a t  th is 
length  o f th e  sarcom ere 
protofibrills have an  oppor­
tu n ity  to  overlap in  such 
a w ay th a t  i t  provides 
m ost com pletely a  m echa- 
no-chem ical function of the  
muscle.
Thus, these experim ents 
reveal connections am ong 
m echanical, s tru c tu ra l and  
enzym atic factors determ in ­
ing muscle ac tiv ity .
VVe have s tud ied  th e  effect 
of loading on therm al con­
trac tion  of muscles (m. sar- 
to riu s of th e  frog Rana tem- 
poraria). The muscles were 
killed e ither by usual glyce- 
rin ization procedure, when
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i native  con tractility  is re ta in  - 
cd, or through gradual h ea t­
ing up  to  90° C, when m us­
cles lost contractility .
F igure 40 shows th e  de­
pendence on th e  load of 
length changes in muscle 
killed a t  heating. I t  is seen 
th a t  under load o f 3-4 
gram m s th e  muscle con­
trac ts  stronger th an  under 
small load. F u rth e r increase 
in loading results in  the  
reduction in contraction.
F igure 41 gives the  results 
of experim ents w ith glycer- 
in a ted  muscles. Thus a t  some range of loading killed muscles con tract if 
hea ted  in agreem ent w ith S tarling’s law.
N othing o f th e  k ind  was observed while experim enting w ith  o ther 
syn thetic  or n a tu ra l polym er fibers. In  Fig. 42 th e  changes in length of col­
lagen fibers upon therm al contraction are p lo tted  versus tem peratu re  of h e a t­
ing. F igures above th e  curves designate tension. I t  is seen th a t  with the  
increase in loading shifts occur only in the  tem peratu re  region of transition  
tow ard  high tem peratu res, whereas the  degree of therm al contraction falls 
from  th e  very  beginning of loading.
Thus, th e  ab ility  of a muscle to  follow S tarling’s law is probably  defined 
not by the  properties of its  native proteins b u t by  the  unique s tructu ra l 
organization o f its fibrillar proteins in myofibrills.
E d m a n : I  am  puzzled by th e  leng th -tension  curve as you presen ted  it 
for th e  g lycerinated  frog’s skeletal muscle fibre. I t  would m ean th a t  up to  
a certain  level the  fibre is capable o f lifting a heavier load fu rth e r th an  a 
sm aller load. T h a t certain ly  does no t agree w ith th e  m echanical behaviour 
o f th e  living v erteb ra te  skeletal muscle cell. Nor does it agree w ith the  
leng th -tension  diagram  obtained from  glycerinated  psoas fibres contracting 
upon ATP (E dm an 1964). Is your diagram  possibly composed of d a ta  
from  different muscle preparations, which have happened to  ad d  up in 
th is  way, or is th is  leng th—tension curve really a constan t finding w ith 
your p rep ara tio n  ?
R E F K K E NT C E
Edm an, K. A. P. (1964) in: B iochem istry o f M uscle Contraction. Ed. by J .  Gergely. 
L ittle, Brown and Co., Boston
V o r o b y e v : I  m ust confirm th a t  no t only on glycerinated  frog’s muscle 
fibers, b u t also on glycerinated  fibers of ra b b it’s m. psoas, we constantly  
observed th a t  a t  a  certain  range of load th e  ex ten t of contraction  upon 
addition  of ATP increases witli the  augm entation  of loading. W ith  an
increase in loading w ithin the  same range ATP sp litting  by glycerinated  
fibers was found to  increase (Vorobyev and  Ganelina 1963, Vorobyev 1966).
i  should like to  stress th a t  experim ental results m ay be reproduced 
easily in any  series of g lycerinated  fibers used. E ach  point on th e  curves 
1 dem onstra ted  is the  m ean value of the  resu lts of several experim ents. 
An increase in the  ex ten t of contraction and  ATPase ac tiv ity  proved to  be 
sta tistica lly  reliable.
I  wish to  draw  D r E d m an ’s a tten tio n  to  the  fact th a t  an increase in 
loading results in the  stretch ing  of muscle fibers. Hence, a t  the  action of 
various loads, fibers are found to  be in  various in itia l states. This is rep re­
sen ted  in the  slide I  dem onstrated . While th e  m ean in itia l length of a sarco­
mere in unloaded fibers was 2-5 p, th a t  o f the  fibers in which th e  greatest 
ex ten t of contraction  was observed, was 2-7 p. This, 1 suppose, corresponds 
to  the  length of a sarcom ere in the  resting living muscle fiber. P ay  a tten tio n  
to  the  fact th a t  th is is th e  in itial length of a sarcom ere where the  m axim al 
ATP sp litting  by glycerinated  fibers was noted.
The d a ta  ob tained  m ay be in terp re ted  as follows. U pon stretch ing  of 
fibers th in  m yofilam ents seem to slide along th ick  ones. I t  appears th a t  
a t  a  certain  degree o f stretch ing  (certain loading) a  m ost favourable geo­
m etrical correlation is established between active centres of myosin and 
actin  m yofilam ents. Moreover, I  suppose th a t  for th e  m ost effective work 
the  myofibrils should be given a certain  stress which w ould provide an 
appropria te  conform ation of m acromolecules of m echanochem ically active 
proteins. I t  is shown th a t  the  load itself affects conform ational transitions 
in biopolym er fibers stabilizing or, on the  contrary , unstabilizing certain 
conform ations (B irshtein e t al. 1961, Vorobyev 1964).
R E F E R  E N C E S
(Birshtein, Vorobyev and I’tittsin ) EiipuiTeiiH, T., Bopoöeß, B., IIththhh, O. (1961) 
E uo(pu3U K a  6, 524
Vorobyev, V. (Í964) Abhantl. Deutsch. A ka d . W issenseh. N o. 6, 13 Berlin  
Vorobyev, V. (1966) in: B iophysics o f M uscle Contraction. N auka, Moscow  
(Vorobyev and Ganelina) Bopoöeu, B., FaHejinna, N . (1963) IfumoAoeua 5 ,672
JÖ B S IS : Do 1 have it  correct th a t  you do not utilize an energy source such as a
P  com pound in these experim ents ? I f  so, where does the  energy derive from  ?
V o r o b y e v : Y ou have m isunderstood th e  d a ta  I  spoke about. I t was 
po in ted  out th a t  the  contraction  observed was caused by th e  addition  of 
ATP. M oreover, having observed ATP splitting  in th e  course of contraction 
we established th a t, as indicated  in my reply to  D r E dm an, th e  ra te  of 
ATP sp litting  by glycerinated  fibers depends on th e  load applied. This 
m ay  be seen on the  slides I  dem onstrated .
D y d y n s k a : All th a t  I  w ant to  tell abou t is simple biochem ical evidence 
which perhaps m ay be useful when one w ants to  board  th e  question of 
localization o f nucleotides in the  muscle fibre. G lycerinated muscle sartorii 
of the  frog, Rana esculenta, and  th e  glycerin in which th ey  were em bedded 
were analysed day a fte r day  and  it  was found th a t  a fte r th e  efflux from 
muscle of abou t 50 per cent of adenine nucleotides during first 24 hours 
fu rth e r efflux slowed down, showing app aren t inhibition which lasted  to  
abou t th e  20th day. From  the  20th to  200th th e  q u an tity  of adenine
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nucleotides found was very  stable an d  am ounted  to  0-43 ± 0 -1 1  /uvi/g, 
which on th e  basis of chrom atographic analysis could be s ta ted  as ADP, 
bound to  actin  presen t in th e  fibres. The lag of efflux of adenine nucleotides 
ou t o f th e  g lycerinated  muscles m ay be explained in th e  way th a t  th e  p a r t 
of nucleotides com partm entilized between myofibrils stuck to  them  during 
rap id  dehydration  following th e  first osm otic shock, a fte r em bedding in 
the  50 per cent glycerin, and  could flow ou t only some tim e la te r when 
glycerin en tered  th e  whole muscle (Fig. 43).
B o w e n : Mr Chairm an, I  wish to  discuss some characteristics of glycerol- 
tre a ted  rab b it psoas muscle fibers which have been m ethy lated  by dim ethyl 
sulfate. Two years ago experim ents were repo rted  (Bowen, M artin  1964, 
Bowen 1964) which showed th a t  m ethy lated  fibers lost th e ir ATPase 
ac tiv ity  b u t no t th e ir ab ility  to  undergo ATP-induced shortening; however, 
th is  shortening was not restric ted  to  induction  by  ATI*. The large complex 
anions of A D P, AM P an d  pyrophosphate also induced shortening. These 
la tte r  com pounds are en tirely  incapable of causing shortening of u n trea ted  
g lycerinated  fibers.
These results raised th e  question of w hether m ethylation  changed the  
s tria ted  s tru c tu re  o f th e  muscle fibers to  an  unorganized am orphous mass 
which shorten  by  tigh ten ing  of random  coils. This was very m uch in need 
of answering, because when th e  m ethy lated  fibers were transferred  to  
w ater for washing, th ey  becam e greatly  swollen. The length  did  no t change.
M ethylation was done in solutions o f dim ethyl sulfate buffered to  pH  
4-2 by  0-028 M N a ace ta te  (Saroff e t al. 1953). At th is  pH , it was considered
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T A B L E  I
Lengths of A- and I-bands of glycerol-extracted muscle fibers before 
and after A T P - or PP-induced shortening with and without methylation
by dimethyl sulfate
Condition and treatment 
of the glycerinated 
fibers
Non-methylated; before ATP, mounted in
0 044 m KC1 ....................................................
N on -m eth y lated ; a f te r  4 niM ATP, 0-044 M 
KC1.....................................................................
After treatment with DMS; in water . . . .  
DMS-treated, 10 wm ATP ............................
DMS-treated, 4 m u  ATP 
DMS-treated, 10 w m  NaPP
L e n g th s  of A - an d  I -  
b a n d  a n d  H -zone L e n g th  of 
sa rcom ere  
/<A I H
f < n
1 - 2 5 1 - 5 5 0 - 6 2 - 8
i - 0 0 - 6 0 - 3 1 -6
0 - 9 2 1 — 3 - 0
0 - 6 5 0 - 3 5 — 1 - 2 5
t o t o
0 - 9 0 - 7
1 - 2 5 0 - 6 5 0 - 3 1 -9
1 -0 0 - 0 1-6
th a t  m ethyl radicals reac ted  with the  carboxyl sites of th e  p ro tein  molecules. 
First, muscle fibers were exam ined by phase m icroscopy a t  1600 X m agnifica­
tion  before and  a fte r m ethylation  and  a fte r shortening w ith ATP and  Na 
pyrophosphate. Photographs o f the 
fibers (to be published) revealed th a t 
m ethylation  d id  no t transform  them  
in to  hom ogeneous structu res. A fter 
th e  fibers h ad  become swollen, the 
photographs revealed th a t  th e  up take 
o f w ater was m ostly, if no t entirely , 
res tric ted  to  th e  I-bands. A fter transfer 
to  solutions of ATP or pyrophosphate , 
th e  1-bands of th e  m ethy la ted  fibers 
shortened  and  to  abou t th e  same ex ten t 
as non-m ethy lated  g lycerinated  fibers 
(Table I). When the  swollen fibers were 
p u t in to  ATP or pyrophosphate solu­
tion, th e  s tr ia ted  s tru c tu re  re tu rn ed  to  
norm al except th a t  Z-lines were no 
longer visible. H-zones d id  reappear 
if  th e  concentration of ATP was low 
(4 tom), b u t d id  no t appear if th e  con­
cen tration  was high (10 tom). W hen 
th is happened, th e  A-bands also sh o rt­
ened bu t only by th a t  length which 
th e  H-zones had  occupied, before 
th e ir  disappearance (Table 1). This in ­
dicates th a t  the  H-zone has an organ­
ized s tru c tu re  of p rotein  which is
Tyro
0 - m e t h y l - t y r
G lu- f f - m e th y l este r
\ \  / ;  S -m e fh y l - c y s
0 - m e th y l  s e r  {
Asp -ß -methyl ester 
l ' — Thre 3-N-methyl-
O  h's
Ser Q 'j  1 0 ; ^ '  
methyl- his
e-N-methyl^Jys<-J^) Cjp
«sí
-c:
I
t - b u ty t  a lcoho l- fo rm ic  acid
F i g . 4 4 . —  Chromatogram and autora­
diogram o f  hydrolysed m ethylated  
glycerol-treated m uscle fibers. Solid  
lines enclose spots o f naturally oc­
curring amino acids from hydro­
lysates. Broken lines enclose spots o f  
m ethyl derivatives o f  amino acids 
added as standards. Dotted lines en ­
close radioactive spots from hydro­
lysates
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s h o r te n in g
h o u rs  o f  m  e th y la tio n
F ig . 4 5 .—E ffects o f duration o f m ethylation  by dim ethyl 
sulfate on the ATPase activ ity  o f  glycerol-treated m uscle 
fibers and on their shortening ability . Controls include fibers 
treated w ith water and with buffer on ly
less reactive to  d im ethyl sulfate th an  actin  is. I t  would, therefore, be less 
affected by th e  shortening-inducing compound.
I t  is, therefore, to  be concluded th a t  m ethy lated  fibers shorten  when 
complex anions are applied by undergoing sliding or in terd ig itation  of the  
fine filam ents in to  the  th ick  filam ents of the  A-band.
The problem  of where on th e  actom yosin molecule m ethy lation  occurs 
was studied by m ethy lating  witli C14-labelled d im ethyl sulfate. The kind(s) 
o f sites to  which th e  labelled CH3-radical had  a ttach ed  was investigated  
by au to rad iography  and paper chrom atography (Irreverre and  M artin 
1954, Piez e t al. 1956) of fiber hydro lysate (Fig. 44). The conclusion can 
be m ade th a t  aspartic  and  glutam ic acids, h istidine and  lysine are m eth ­
y lated  w ith these m ethods and  m ay therefore be involved in ATPase activ ity  
o f actom yosin. U pon m ethylation, these provide a positively charged site, 
th e  neu tra lization  of which provides an  electrostatic  a ttra c tio n  which shor­
tens th e  fibers.
In  Fig. 45 th e  results show th a t  during the  m ethylation  process, the  
shortening associated w ith  th e  sp litting  of A TP is inhibited  during the  
first hour to  abou t 1/3 of w hat occurs in u n trea ted  glycerinated  fibers and 
th en  increases to  abou t 4/5 of norm al A TP-induced shortening. F igure 45 
also shows th a t  th e  ATPase ac tiv ity  of the  fibers is reduced drastically  
during th e  first hour and  continues to  decline to  zero ac tiv ity  a t  a slower 
ra te . W hile th is reduction in ac tiv ity  is occurring, th e  fibers regain sh o rt­
ening ab ility  when ATP or pyrophosphate is applied.
These results, together w ith those of 1964, have led us to  consider the  
shortening of m ethy lated  fibers by ATP, ADP, AMP, and  pyrophosphate 
an  anionic shortening. T h at is, it is caused by  th e  binding of anions to  
excessively positively charged fibers and  fibrils. These results also support 
the  idea th a t  shortening of non-m ethy lated  glycerinated  fibers is caused, 
a t least in p a r t, by  binding of an anion such as th a t  of ATP to  th e  fibers 
as was proposed long ago by Morales and  B o tts  (1953).
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S t r ic k h o l m  (D epartm ent of A natom y and  Physiology, Indiana U n iver­
sity, B loom ington; and  D epartm ent of Physiology, University of California, 
School of Medicine, San Francisco*): In  s tria ted  muscle, it has been observed 
th a t local depolarization of small areas of the  muscle cell surface produces 
a non-propagated localized contraction (P ra tt  1930, Gelfan 1933, Steinm an 
1937, Huxley 1957, Huxley, S traub  1958. Huxley, Taylor 1958). ''Phis 
coupling of surface m em brane excita tion  to  in tracellu lar contraction occurs 
only when the  m em brane is depolarized a t those regions where the  in tra ­
cellular tr ia d  or transverse tubule structu res approach the  surface m em brane. 
Thus in the  frog sartorius muscle (liana temporaria), it  was found th a t 
depolarizing th e  m em brane a t  the  A ban d  did not produce in tracellu lar 
contraction while m em brane depolarization a t the cen ter of the  I-band 
or Z-disc, where the  transverse tubules approach the  surface, did produce 
contraction. These contractions were graded w ith depolarization in tensity  
and  had  a m axim um  inw ard penetration  of 10 p which lasted  as long as 
th e  m em brane depolarization was m aintained (Huxley and  Taylor 1958).
The above experim ents were la te r repeated  by  Strickholm  (1961, 1962 
and  1963) w ith a local quasi-voltage clam p technique which p erm itted  small 
regions of th e  muscle cell surface to  be voltage-clam ped w ithin a few m illi­
volts w ith the  sim ultaneous m easurem ent of m em brane curren t (Fig. 46). 
These la ter experim ents on the N orth  American frog sartorious muscle (liana  
pip iens) gave different results th an  those observed on th e  European frog 
(Rana temporaria). As observed before, local contraction had occurred only 
beneath th e  excited m em brane. In  con trast to  the  o ther observations, th is 
contraction appeared  to  involve th e  entire d iam eter of th e  I-b an d  or Z-disc 
and  had  a depolarization threshold a t which an en tire  I-band  showed m otion 
or no t a t all. The surface m em brane above ad jacen t Z-lines also had  d if­
ferent depolarization thresholds for contraction in itiation. In  contrast 
also to  previous observations, th is contraction was tw itch-like, since it 
term inated  an d  relaxed during a m aintained depolarization. A lthough 
m em brane depolarization appeared to  be th e  in itial trigger, it was observed 
th a t  w ith a failing surface m em brane, where the  in itial inw ard m em brane 
curren ts were reduced, a stronger m em brane depolarization was necessary 
to  in itia te  contraction. This stronger depolarization increased th e  transien t 
inw ard curren t tow ard  its previous level. This suggested th a t  a  critical 
inw ard m em brane cu rren t density  was perhaps involved in coupling m em ­
brane excitation to  contraction (Strickholm 1962).
* Address at the tim e o f the Sym posium
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V* = if  Re t- is  Rs - i f ( R e + R s ) ' l m  Rs 
b r id g e  im b a la n c e  AVa = - i m Rs
AVa
F ig . -MS.—T he local quasi-vo ltage  c lam p m ethod
Subsequent research has indicated  th a t contraction-coupling under a 
local regional voltage clamp is quite variable, not only across species and  
w ith different muscle types such as fast and  slow, b u t also w ith sim ilar 
fibers such as th e  frog sartorius which presum ably  consists o f all fast 
fibers. These variations in th e  frog sartorius appear re la ted  to  th e  seasons 
and  can also occur w ith tim e as the  muscle fibers deteriorate. Thus muscles 
exam ined a fte r overnight cold storage in R inger’s rarely show sim ilar 
contraction-coupling behavior as do freshly isolated  muscles.
In  sum m er frogs (Rana pipiens), local m em brane depolarization of fast 
muscle fibers produces a local contraction, which involves only th e  sarco­
meres lying beneath  th e  excited  m em brane w ith no lateral spread of 
contraction (Fig. 47). This contraction typ ically  involves m otion in the  
en tire  d iam eter of each I-band . At a critical m em brane depolarization 
which is different for each I-band , th e  en tire  d iam eter of each excited 
I-b an d  either contracts or n o t a t all. The contraction is tw itch-like with 
relaxation  occurring during a m aintained surface m em brane depolari­
zation. A lthough the  contractions appear all or none a t  in itiation , th ey  
are probably  graded  since a strong depolarization produces more observ­
able light scattering  in th e  contracting regions th an  a weaker depolari­
zation. There appears to  be norm ally no gradation of contraction along 
th e  d iam eter of each I-band . However, in failing fibers, a gradation  of 
contraction is observed.
D epolarization of th e  surface m em brane of frog slow fibers produces a 
local contraction which ordinarily  involves only those I-bands which are 
in  th e  myofibril u n it lying beneath  the  excited surface m em brane (Fig. 47). 
The contractions are graded in th a t a weak m em brane depolarization
■202
<i b c d
F ig . 47 .— Cinephotography o f locally excited frog muscle (lia n a  p ip iens). 
Photography through polarizing microscope, polarizers parallel, T  =  20° C. 
a  F ast fibers. A  strong 10 m illisec depolarization applied at zero tim e. N ote  
bulging o f muscle; b sam e fiber as in a  but at a  slightly different location. One 
second depolarization applied at zero tim e showing relaxation during depolariza­
tion; c sam e site as b but w ith a weaker depolarization showing fewer I-band  
contractions; d slow fiber. One second depolarization showing maintained  
sarcomere contraction; e sam e site as d but w ith a weaker one see depolarization
produces contractions penetra ting  only a few m icrons inw ard, while w ith 
a  sufficiently strong depolarization the  en tire  d iam eter of a myofibril u n it 
m ay contract. Occasionally, a t a critical m em brane depolarization, the  entire 
subsurface myofibril u n it will e ither contract or no t a t  all in a  m anner 
sim ilar to  th e  fast fibers. However, th e  contracting  myofibril un its o rd i­
narily  do not relax under a m ain tained  depolarization. W ith  a strong 
depolarization, contraction often spreads to  deeper adjacent myofibril units.
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F ig . 48. — R eversib le  shearing  betw een  m yofibril u n it and 
surface m em brane d u rin g  local depo lariza tion
The contraction in these deeper myofibril un its usually  relaxes under a 
m aintained depolarization, while contraction of th e  im m ediate subm em ­
brane myofibril u n it is m aintained.
In  the  leg muscles of crayfish (Procambarus clarkii), local depolarization 
of the  surface m em brane produces a local graded  contraction  sim ilar to  
th a t  in slow fibers of frog. The depth  of contraction penetra tion  increases 
as the  depolarization is increased. The local contraction also spreads 
slightly longitudinally  to  involve regions which are not under the  excited 
surface m em brane. This is in con trast to  th a t  observed in frog fibers where 
contraction appears norm ally confined to  only th e  1-bands beneath the  
excited  m em brane region.
I f  a large surface region of crayfish muscle is excited which covers perhaps 
10—20 I-bands over a myofibril un it, contraction of the  I-bands under 
th e  excited  m em brane will pull relaxed sarcomeres, which are not under 
th e  excited  surface m em brane to  beneath  the  excited m em brane. The 
m om ent these relaxed sarcomeres en ter the  region beneath  the  excited 
surface m em brane, contraction occurs which pulls additional relaxed 
sarcom eres under the  excited m em brane region. W ith  a sufficiently strong 
depolarization, th is  process continues un til the  sarcomeres are m axim ally 
con tracted  to  a length approxim ately  equal to  th e  A-band. In  th is process 
there is no m ovem ent of th e  cell surface. This contraction is reversible and 
suggests th a t  w ith contraction, the  transverse tubules are e ither reversibly 
sheared from  the  cell surface or th a t  each myofibril u n it can shear or slide 
reversib ly  aw ay from  th e  transverse tubu le system  and  endoplasm ic 
reticulum  (Fig. 48). The surface p ip e tte  can be m oved along th e  surface 
m em brane to  lie above where the  myofibril un its have sheared from  the  
cell surface w ith no change in the  contraction—coupling properties, which 
also indicates reversibility  o f th e  process.
According to  our studies abou t the  relation of m em brane curren t to  con- 
traction-coup ling  we suppose: th is in tracellu lar generated  po ten tia l may 
be re la ted  to  th e  tim e course o f in tracellu lar C a+ + release and  disappearance 
in to ad  sartorius muscle described bv Jobsis a t th is  Symposium. Con­
trac tio n — coupling is therefore ten ta tiv e ly  postu lated  to  involve a coupling 
of th e  action po ten tia l to  the  transverse tubu le  system , either by involving 
the leakage current or sim ply by depolarization. A signal which m ight
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also involve th e  leakage cu rren taga ted  prop down th  ise tubu le  system , 
transferred  to  the  endoplasm ic reticulum  which when excited  releases C a+ + 
ions resulting  in muscle contraction. W hen the  endoplasm ic reticulum  
recovers from excitation  it  recovers its  C a++ binding or accum ulating 
capacity  and  relaxation begins when calcium is rem oved from  th e  in tra ­
cellular space.
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E N E R G  E  rr  1 C A S P  E  C T S 
O F  M U S C U L A R  C O N T R A C T I O N
I). R.  Wilkie
UNIVERSITY COLLEGE, LONDON
T he d istinctive function of muscle is to  convert chemical energy into 
mechanical force and  work. I  propose to  discuss the  energetic aspects of this 
conversion under th e  following headings, and  to  ask a num ber of questions 
which I  hope will then  provide a  fram ew ork for the  subsequent general 
discussion.
(1) Energy balance. Over the  whole cycle of contraction and  relaxation it 
is now possible to  account q u an tita tiv e ly  for th e  energy o u tp u t observed 
(heat -f- work) in term s of th e  m easured breakdow n of phosphocreatine 
(PC). I t  is therefore possible to  calculate th e  in  vivo heat of hydrolysis of 
PC w ith  high accuracy, and  to  infer an  approxim ate value for th e  heat 
o f hydrolysis of ATP. The re levan t therm odynam ics are qu ite  s tra ig h t­
forw ard since only th e  F irs t Law is involved, and  th is says sim ply th a t  the  
energy o u tp u t in  th e  form  of heat, h . and  work, w, over any  specified in terva l 
o f tim e m ust be given by:
h -\- iv =  a 1( — A H X) -f- n 2( — A H 2) -f- etc.
where n  m easures the  num ber of moles of each reaction for which A H  gives 
th e  en thalpy  change in kcal/m ole (see W ilkie I960).
I t  is sim plest to  work under conditions where th e  chemical changes in the 
muscle have been simplified so th a t  only one chemical reaction is co n trib u t­
ing substan tia lly  to  th e  o u tp u t o f energy. This is tho u g h t to  be the  case in 
muscles a t 0° C poisoned w ith iodoacetate and  nitrogen so th a t  both  glyco­
lysis and  oxidative phosphorylation have been prevented. The only doub t is 
over th e  question w hether hexose phosphates are form ed in substan tia l 
am ounts. E arlie r reports by  Carlson and  Siger (1960) and  by M om m aerts, 
Seraydarian  and  M aréchal (1962) claim ed th a t  th is occurred only a fte r con­
siderable activ ity , while Spronck (1965, and a t  th is  Symposium) appears 
to  have dem onstrated  th is  reaction a fte r only five tw itches. The m a tte r 
rem ains som ewhat doubtful, so i t  has been assum ed in w hat follows th a t  
th e  hydrolysis of PC is effectively th e  only reaction th a t  occurs. The first 
a ttem p ts  to  equate  energy o u tp u t w ith PC breakdow n were m ainly con­
cerned w ith  isom etric contractions in which no ex ternal work was perform ed 
(Carlson and  co-workers 1962, 1966).
In  th e  series of experim ents reported  here, various o ther types of con­
trac tion  have also been investigated . The technique for m easuring heat in 
experim ents o f th is k ind  has been im proved by the  in troduction  of th e rm o ­
piles of th e  self-calibrating 'w afer’ ty p e  (Wilkie 1963).
207
isom. twitches 
° y 30 isom. twitches 
a isom. tefani
Fig. 1.—E nergy output, meal; ordi­
nates: p lotted against phosphocrea- 
tine breakdown, A PC, fiM; abscissae: 
following 30 isom etric tw itches. N 2 
and [AA-poisoned frog sartorius, 0° C
F ig . 2. — Ordinates, abscissae and experi­
m ental conditions as in F ig. 1, but various 
different types o f  contraction, as indicated  
in the figure
Figure 1 shows the  re la tion  between to ta l hea t o u tp u t and  PC splitting 
in muscles th a t  have undergone a series of 30 tw itches a t 3 sec intervals. 
In order to  spread  ou t the  po in ts and  th u s to  reveal th e  functional relation 
betw een th e  variables, i t  is essential to  choose muscles of widely varying 
weight. The correlation betw een heat and  PC split is high (r =  0-89, P  <g 
<£ 0-001) and  it  is clear th a t  the  poin ts are well fitted  by a  line passing 
through the  origin w ith a slope of 11-5 kcal/mole.
In Fig. 2 the  same ty p e  of m ethod has been applied  to  various o ther 
types of contraction, as explained in th e  legend, an d  including th e  perfor­
mance of positive w ork—which by  th e  Penn effect augm ents the  energy o u t­
p u t to  130 per cent of its  isom etric v a lu e—and  of negative work which 
suppresses the  energy o u tp u t to  abou t 70 per cent of the  isom etric value. 
In all cases th e  relation between energy o u tp u t an d  dP C  is the  same and  
corresponds to  an in  vivo en thalpy  change of 11-1 kcal/m ole—the best 
estim ate  available a t present.
I t  had  been hoped (see D ydvnska and  Wilkie 1966) th a t  a value for the  in  
vivo en thalpy  change during ATP sp litting  could be found from  experim ents 
sim ilar to  those ju st described, save th a t  th e  muscles had  been poisoned w ith 
fluorodinitrobenzene (FDNB), where there  was reason to  th in k  th a t  ATP 
sp litting  provided th e  sole source of energy. However, it is only for the  first 
second or two of contraction th a t the  chemical changes are so simple, and 
during the  subsequent 40 sec th a t were required  to  rem ove th e  muscles from
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th e  therm opile m any o ther reactions 
occurred. I t  was observed in these 
experim ents th a t  the  hea t produced 
per gram  of tension developed in 
a  tw itch  was th e  same in  FDNB-pois- 
oned as in norm al or IAA-poisoned 
muscles. In  th e  first case th e  energy 
came from  th e  ATP split; in th e  la tte r  
tw o cases i t  came from  th e  splitting  
of an  equal num ber of moles of PC.
Thus it  can be inferred th a t  the  in  vivo 
en thalpy  change for ATP splitting  
m ust be abou t th e  same as th a t  for PC 
splitting , i.e. abou t 11 kcal/mole.
The difficulty in  draw ing up an 
energetic balance when several differ­
en t reactions are going on is simply 
th a t  th e  errors in all th e  chemical 
determ inations soon accum ulate to  
such a degree th a t  th e  functional re la ­
tionship  is obscured. T h a t th is  need 
not always be th e  case is shown in 
Figs 3 and  4, which show th e  results of experim ents on unpoisoned m us­
cles in nitrogen, where th e  energy for contraction is derived from  two 
sources—th e  breakdow n of PC and  th e  form ation of lacta te . As shown by 
com paring th e  points w ith th e  line in Fig. 3, appreciably more energy is 
given ou t th an  can be accounted for by th e  PC split. The discrepancy, 
as shown in Fig. 4, is roughly proportional to  the  lacta te  produced, and  
indicates a  A H  value o f abou t 23 kcal/mole for th is reaction. However, 
th is  value should be considered ten ta tiv e  a t  p resent, un til m ore considera­
tion  has been given to  th e  effect of th e  changes in hydrogen ion concen­
tra tion  .
0-5 TO 
APC, pM
Fig . 3. — Frog’s sartorius in X , but 
otherwise unpoisoned, showing the  
changes th at follow a series o f  200 
tw itches. More energy is given out than  
can be accounted for b y  the PC split
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F i g . 4 .—The sam e experim ents as in Fig. 3. The 
extra energy produced, over and above that expect­
ed from PC breakdown, has been plotted against 
the lactate produced
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One m ajor problem  th a t  rem ains is w hether th e  equivalence o f PC sp lit­
ting  and  physical energy th a t  is found for th e  whole cycle, is also found from 
m om ent to  m om ent w ithin th e  cycle.
I f  i t  is, th is  suggests th a t  we are concerned w ith a single chemical flux, 
whose speed and  ex ten t are m odulated  by th e  m echanical conditions of 
contraction. I f  not, th en  th e  d isparity  indicates th e  existence of h itherto  
unknow n chemical or physical processes whose store of energy m akes up 
th e  difference. The experim ents described in an earlier session by  R . E . 
D avies suggest th a t  there  m ay indeed be such a discrepancy and  th a t  only 
a small p a r t of th e  heat observed in a muscle th a t  is shortening rap id ly  can 
be accounted for by th e  ATP or PC split up to  th a t tim e. I f  these results 
are confirmed it  will establish the  existence o f a  process associated w ith 
large hea t changes th a t  m ust be reversed during th e  la ter stages of con­
trac tio n  or during relaxation. Linked to  th is  is th e  question w hether it  is 
m eaningful to  divide th e  to ta l energy flux in to  elem ents corresponding to  
ac tiva tion  heat, shortening heat, etc. Does th e  energy flux vary  with muscle 
length  in th e  m anner th a t  would be expected o f a system  o f sliding fila­
m ents ? W hat fraction of th e  energy flux is linked to  th e  contractile  m achin­
ery, an d  w hat to  ancillary services such as th e  pum ping of calcium th a t  is 
believed to  switch th e  contractile process on and  off? Does th is  pum ping 
require a continuous expenditure of energy all the  tim e a muscle is active, 
or is i t  required  only once, during re laxation  ? The answer to  some of these 
questions m ay well be provided  by experim ents such as those described by 
D r Jöbsis.
(2) Efficiency. The efficiency of th e ir muscles is clearly a m a tte r  of the  
g reatest im portance to  anim als and men; nevertheless both  in m am m als and  
in  frogs only 20 to  25 per cent of th e  free energy available from  the  oxidation 
of carbohydra te  can be converted  into mechanical work. The first concern 
of an engineer confronted by  an inefficient m achine is to  find o u t in which 
p a r t  o f th e  m achine th e  m ajor wastage is occurring. W hen a physiologist 
asks th e  same question abou t muscle th e  answer is m ost unsatisfactory . 
W e sim ply do n o t know w hat fraction  of the  to ta l w astage arises during 
th e  rap id  conversion of chemical to  m echanical energy during contraction, 
and  how m uch during th e  far slower—purely  chem ical—recovery process, 
in  which th e  depleted  store of PC is rebuilt. E ven  th e  existence of th is 
unsatisfacto ry  s ta te  o f affairs is n o t widely recognized. F undam entally  the  
difficulty arises because th e  concept of efficiency is inex tricab ly  bound up 
w ith th e  Second Law  of therm odynam ics. In  a  system  such as a muscle, which 
converts chemical energy to  m echanical work and  operates a t uniform  
tem peratu re , th e  proper m easure o f efficiency (e) (see Wilkie 1960) is
e =  (work obtained)/(free energy used up)
In  term s of th e  m easured heat, h, a n d  work, w, it can easily be shown th a t
w A H
e = ----------X ----------
w  -f- h A F
where A F  is th e  free energy change in kcal/mole. D uring the  ac tu a l process 
o f contraction, everything in th is  ecpiation is known except ZIP, an d  u n til 
/ IP  is unknown, the  efficiency cannot be calculated. Satisfacto ry  m easure -
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m ents are available o f th e  free-energv change in  vitro under s tan d ard  con­
ditions (see George an d  R u tm an  1960; H uennekens and  W hitely  1960). 
However, i t  is no t a t  all plain w hat value one should adop t for th e  A F  of 
ATP sp litting  or PC sp litting  in  vivo, where th e  stan d ard  free energy change 
m ust be corrected for th e  concentrations (or strictly , the  activities) o f the  
partic ipa ting  reactan ts , and  also fcr th e  secondary reactions associated w ith 
th e  m ovem ent of hydrogen ions. In  consequence (see W ilkie and  W oledge 
1966) th e  value of A F  in  vivo is u ncerta in  over th e  range —10-3 to  —12-8 
kcal/mole, an d  perhaps beyond it.
For th e  whole process of contraction followed by oxidative recovery it  is 
know n th a t  A F  ^  A H  so it  can be deduced from  m easurem ents of work and 
hea t th a t  th e  genuine therm odynam ic efficiency is abou t 0-2 in the  case 
of frogs’ muscle. U nfortunately , we cannot know th e  efficiencies of th e  
initial an d  th e  recovery jn’ocesses separately  u n til th e  app ropria te  value 
o f A F  for th e  in itia l process is established. Considering A F  as unknow n— 
perhaps to  an  exaggerated  degree—th e  consequences are shown in the 
following tab le:
A F ,  kcal/m ole —5 — 10 — lő
initial efficiency 0-88 0-44 0-29
recovery efficiency 0-23 0-46 0-69
Thus according to  the  value adop ted  for A F , th e  inefficiency in  th e  m uscular 
m achine as a  whole m ay reside alm ost entirely  in the  in itia l chemical —*■ 
—► m echanical conversion, or i t  m ay arise in  the  purely  chemical reaction 
sequences th a t  occur during recovery. To some chem ists th e  very  idea of 
efficiency is unacceptable when it is applied  to  reactions of fixed stoichiom ­
etry , such as are presum ed to  occur during th e  m etabolic processes of 
recovery. Nevertheless, inefficiency does arise in  such reactions: it has a clear 
defin ition—th e  en tropy  created  or free energy dissipated; and  to  m easure 
i t  should no t be beyond our powers! A fter all, it  is only a t  equilibrium  th a t  
A F  =  0. In  order th a t  a  reaction should ru n  spontaneously, i t  is essential 
th a t  th e  concentrations of reac tan ts  and  products should be displaced from 
th e ir equilibrium  values in  such a way th a t  th e  n e t value of A F  becomes 
negative. I t  is th is  free energy change th a t  drives the  reaction; and  in d riv ­
ing th e  reaction, p a r t or all of th e  free energy becomes degraded in to  heat. 
This degradation is th e  source, and  also th e  m easure, of th e  inefficiency 
o f th e  process.
This idea is illu stra ted  in Fig. 5a, in connection w ith  th e  Lohm ann 
reaction by  which, during contraction, A TI1 is rap id ly  regenerated  from 
ADR and  PC.
A DP +  P C *  ' A T P  +  C
The equilibrium  constan t of th is reaction has been assum ed to  be about 
19 (Carlson an d  Siger 1959) and  th e  calculated  curves show how th e  equi­
librium  concentrations o f PC an d  of ATP w ould fall as th e  m uscle was 
progressively exhausted, assum ing th a t  no regeneration of A TP occurred, 
e.g. in a muscle poisoned w ith iodoacetate and  nitrogen. Consider th e  muscle 
as it  passes from  its resting  s ta te  (1) to  a  p artia lly  exhausted  s ta te  (2). 
The final concentrations of ATP and  PC m ust lie on th e  equilibrium  curves, 
b u t in order to  move from  (1) to  (2) the  concentration of ATP m ust have
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been lower, an d  th a t of PC higher, 
th an  the  equilibrium  values, as ind i­
cated  qualita tively  by th e  lines with 
arrows. I t  is th is displacem ent from  
equilibrium  th a t  provides th e  free 
energy whose degradation  to  heat 
drives th e  reaction forw ards. This 
s ituation  has no t y e t been fully 
stud ied  from  the  q u an tita tiv e  po in t of 
view, b u t it m ay provide a  m ethod 
of calculating th e  efficiency o f a p u re­
ly chemical process. The free-energy 
change in passing from  (I) to  (2) de­
pends only on the  concentrations at 
those tw o poin ts and  is independent 
of th e  p a th  followed in between. This 
leads to  th e  ra th e r surprising conclu­
sion th a t th e  efficiency of th e  process 
is no t dependan t on the  speed of the  
reaction.
The situation  is form ally sim ilar to 
th a t  depicted in Fig. 5b, in which two 
ideal galvanic cells of different v o lt­
age can be connected electrically. For 
every 96 500 coulombs th a t flow, 
1 gram  equivalent of reaction will occur in cell (1) in th e  spontaneous 
‘dow nhill’ direction, and  an equal q u an tity  of reaction will be produced 
in  cell (2) in th e  ‘uphill’ direction. The speed of these coupled reactions 
can be varied by altering  th e  value of th e  resistance, b u t in every case the 
free energy degraded per gram  equivalent of reaction is th e  same, 
96 500 X 0-2 joules. The efficiency is therefore always the  same, 0-9/1T =  
=  0-82. V arying the  electrical resistance is analogous to  varying the  am ount 
and  ac tiv ity  of enzym e in th e  chemical case.
(3) The mechanism of energy conversion. How exactly  do th e  cross bridges 
convert chemical in to  mechanical energy? A bout th is —the m ost fu n d a­
m ental question in  muscle physiology—we have very  little  to  guide us. 
The only m an-m ade system s for d irect conversion of energy depend on 
ionic changes in polyelectrolyte gels or collagen fibres, as will be dem on­
s tra ted  by D r O platka; and  although it is tru e  th a t  ionic changes accom pany 
the  sp litting  of ATP, these seem to  be incidental and  no t re la ted  to  the  
ex trao rd inary , and  so fa r com pletely unexplained, specificity of ATP in 
energy-using biochemical reactions. Theoretical models such as those of 
A. F. H uxley an d  R . E . Davies indicate th a t  w ith our present level of 
knowledge (or ignorance) some of th e  observed behaviour of muscle m ay be 
accounted for on th e  basis of widely different premises. Specific te s ts  for 
e ither theory  do no t seem possible a t  present. Such theories are called on to  
explain an  aw kw ard range of phenom ena—n o t m erely th e  conversion of 
energy from  one form to  ano ther b u t also the  dependence of th e  chemical 
flux on m echanical conditions (shortening heat and  Fenn effect) and  also 
th e  suppression of chemical flux th a t results from  perform ing work on the
total jjM ATP split /m l
b
Fig . 5 . — a  T heo re tica l cu rves to  show  
how  th e  co n cen tra tio n s o f  ATP an d  PC 
fall as a  m uscle is p rogressively  e x h a u s t­
ed ; 6 a  th eo re tica l m odel to  illu s tra te  
th e  energetics o f tw o coupled reac tions
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active muscle. Classical therm odynam ics provides a  som ew hat a r id —though 
altogether necessary—set of boundaries w ithin which all theories m ust 
operate. Perhaps th e  m odern developm ent of irreversible therm odynam ics, 
with its  em phasis on fluxes and  the  re lation betw een them  im posed by 
coupling, will be more successful in indicating not m erely boundaries bu t 
also possible m echanisms of operation.
Irreversib le therm odynam ics deals am ong o ther th ings w ith the  situation  
th a t  exists in a  contracting muscle, where a flux o f chemical reaction is 
linked in some way to  an  o u tp u t of m echanical energy.
The ra te  a t  which free energy is being degraded into heat is called the  
dissipation function, i.e.
I )  =  A  X h  f i x  v
where A  =  affinity, ( — AF) ,  g.cm/mole 
h =  ra te  of reaction, mol/sec 
P  =  force, g wt
v =  speed o f shortening, cm/sec.
N ote th a t  all the  term s in th e  equation  have th e  dimensions of power. 
In  a contracting muscle, P  is a negative num ber; thus I) is less th an  A  x  h 
and  only p a r t of the  flux of chemical free energy is being dissipated  into 
heat, while th e  rem ainder is transform ed in to  m echanical power, P  X v.
D r S. R. Caplan (1966) has recently  proposed a  theo ry  to  account in some 
detail for the  wav in which chemical and  m echanical flux are linked to  each 
other. This theory  is a ttra c tiv e  in th a t  it  successfully pred ic ts th e  shape of 
the  force-velocity curve and  also predicts a relationship (whose existence 
has been long suspected, and  recently  dem onstrated  experim entally  by 
R. C. Woledge, 1966) between the  cu rvatu re  of the  force-velocity  curve and  
the  therm odynam ic efficiency. I f  the  theo ry  could be substan tia ted , th e re ­
fore, i t  would resolve th e  u n certa in ty  discussed earlier abou t th e  separate 
efficiencies of the  in itia l and  of the  recovery processes.
D r R . C. W oledge and  I  (Wilkie and  Woledge 1966) have therefore tried  
to  com pare the  theo ry  w ith some experim ental facts abou t muscle. Caplan 
assumes, as is usual, th a t  the  muscle obeys linear phenom enological equa­
tions:
v =  L n  P  -f- L n  A  (cm/sec)
and
h =  L,n P  -f- L 22 A  (mol/sec)
where th e  L  are constan t coefficients. All th e  quan tities are positive except 
P. In  words, both  th e  speed o f shortening and  th e  ra te  o f chemical reaction are 
helped by  a large affinity and  hindered by a large force. W ithou t going in to  
details, the  model system  evolved from these equations has tw o degrees of 
freedom , while the  muscle has only one—if th e  force is specified, for ex ­
ample, speed and  chemical flux are com pletely determ ined. Caplan has 
accordingly in troduced  ano ther restric tion  in to  his model in the  form  of 
a regulator which imposes an  additional relation between in p u t and  ou tp u t. 
The characteristics of th is  regulator were deduced on very  general grounds, 
and  it was then  found th a t  th is led to  a  relation between force and  speed 
th a t was identical w ith A. V. H ill’s well-established equation for the  fo rce-
F ig . (i. — R elation between m axim al efficiency (ordi­
nates) anrl curvature o f  the force-velocity curve (abscis­
sae) . This curvature is measured as H max, which is defined as 
(m axim um  value o f  P  ■ V )/{P l) ■ F 0) 
where P  =  force, V  =  speed, P„ =  isom etric force, V  0 =  
unloaded speed. The sm aller the value o f  lF max, the  
more curved is the force-velocity  curve
zero load isometric
F ig . 7 .—The variation o f  chem ical flux  
as a function o f  the force exerted by  
the muscle. The interrupted line shows 
w hat is observed experim entally. The full 
lines show  the predictions from Caplan’s 
theory, m aking various assum ptions 
about the in itial conditions
F i g . 8 .—The variation o f free-energy 
change as a function o f  the force 
exerted by  the m uscle. Curves drawn 
from  Caplan’s theory, m aking various 
assum ptions about the initial condi­
tions. The vertical bar shows the  
change in free energy th a t could be 
derived from a lOOfold change in 
concentration ratio
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velocity curve. Most a ttra c tiv e  of all, from  our po in t of view, was th e  fact 
th a t  the  therm odynam ic efficiency could be d irectly  p red ic ted  from  the 
shape of th e  force-velocity  curve. This theoretical re lation is shown by the  
curve in  Fig. 6, where the  ord inate shows the  m axim um  value of the  efficiency 
and  the  abscissa is a  m easure of th e  degree of cu rva tu re  of th e  force-velocity  
curve, more curved to  th e  left, less curved to  the  right. E xperim enta l values 
o f (work)/(work -)- heat) are available for th e  frog, to ad  an d  torto ise, and  
can be inferred  for m an. In  order to  convert them  in to  m easurem ents of th e  
efficiency it  is necessary to  know or assum e th e  value of A F/ AH.  I f  th is  is 
tak en  as 1-3 (a perfectly  reasonable value on o ther grounds) th en  Fig. 6 
shows quite a  good fit betw een the  experim ental poin ts and  C aplan’s 
theoretical curve.
The ‘regu la to r’ in C aplan’s model works by  varying bo th  th e  chemical 
flux, h, and  th e  affinity, A,  as a function of th e  force on th e  muscle; and 
th is  provides fu rth e r m eans for com paring th eo ry  and  experim ent. In Fig. 7 
th e  in te rru p te d  line shows roughly how th e  observed chemical flux varies 
as th e  load on the  muscle is changed. The full lines are predictions from  the  
theo ry  m aking various assum ptions abou t th e  in itia l value of AF/ AH.  
Clearly th e  theoretical and  experim ental curves cannot easily be reconciled. 
F inally , Fig. 8 shows how th e  affin ity  of th e  chemical reaction  m ust vary  
w ith  load. There is no experim ental curve to  serve as a basis of com parison, 
b u t even w ithou t one it  seems fa ir to  com m ent th a t  such enorm ous v ari­
ations in th e  free energy of the  driving reaction could hard ly  occur in reality . 
The vertical b ar shows how small a  change is produced by  even a hun d red ­
fold change in  th e  concentration ra tio . However, it is certain ly  to  be hoped 
th a t  some modification of th is  general scheme m ay be found th a t  will p re ­
serve some of th e  v irtues of C aplan’s theo ry  while rem oving some of its 
discrepancies. In  the  m eantim e, while we are searching around  for clues in 
physical chem istry, there  are m any o ther purely  biological problem s to  con­
sider. Do all th e  different types of muscle con tract by essentially  th e  same 
m eans? I f  so, discovering w hat th ey  have in  common m ay po in t o u t w hat 
is essential for a contractile  m achine. How abou t the  restric tions w ithin 
which anim als, under th e  stress o f evolution, have arrived  a t  th e  com pro­
mises best su ited  to  th e ir conditions of life? Did the  to rto ise pay  for his 
highly efficient muscles by  accepting slow speed, or a very  curved force- 
velocity  relation, or bo th  ? A nd w hy was he obliged to  pay  ?
I  wish to  acknowledge th e  generosity of the  welcome tru s t  in providing 
th e  trav e l g ran t, which enabled me to  a tte n d  th e  Sym posium  in Budapest. 
F inally , I  am  deeply indeb ted  to  the  H ungarian  Academ y o f Sciences for 
th e ir generous hospitality .
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G E N E R A L  D I S C U S S I O N
D a v i e s : Com m ented on the  problem  of the  shortening heat. In  the 
whole contraction cycle th e  appearance o f the  shortening heat is very d isp u t­
able. (M anuscript o f com m ent has n o t arrived.)
T i g y i : According to  Prof. W ilkie’s lecture, the  heat -f- work/m cal values 
do no t differ in the  various types of contraction. I t  means, im plicitly, no 
experim ental evidence of the  phenom enon 'heat of shortening’ published by 
A. V. Hill.
I  w ould like to  m ention our m icrocalorim etric experim ents which never 
showed any  sign of th e  hea t of shortening (Tigyi 1954, 1959). On th e  con­
tra ry , th e  hea t production of s tric tly  isom etric contraction (at resting length) 
com pared w ith the  loadless isotonic one was m easured to  be always about 
30 per cent higher. The qu an tita tiv e  values are shown in Table I.
T  A B L E  T
Comparison of heat production of ‘isotonic’ and 
‘isometric’ tetani of the m. semimembranosus of 
frog
No.* Type of contraction Heat produced mcal/g
1 Isotonic
2 j Isometric
3 I Isotonic
26-3 ±  2-3 
29-8 ±  2-2 
17*5 ^  1*8
* Numbers mean the sequence of experiments.
Sim ilar results are  gained also when com paring th e  isotonic and isom etric 
tw itches.
To explain th e  ex tra  hea t p roduction of isom etric contraction, we sup­
pose th e  existence of th e  ‘h ea t of crystallization’ of myosin as a possible 
reason (E rnst 1963). M any o ther experim ents, e.g. volum e m easurem ents, 
birefringence studies, hea t production of s tretched  myosin th reads, etc. 
support th is hypothesis.
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The com m ent was followed by a discussion about th e  details of th e  short 
ening heat, m ainly the  m ethodological peculiarities were discussed. P a r tic ­
ipants in order: W ilkie, Tigyi, A ubert, Tigyi, E rn st, Wilkie, Hoyle, Wilkie.
E r n s t : The m easurem ent o f th e  heat accom panying the  so-called iso­
m etric contraction, if described in th is simple way, does no t perm it to  
establish any  exact connection between the  mechanical and energetic side 
of contraction. F irs t of all, the  re la tive length of th e  muscle (com pared with 
the  resting length) needs to  be given, because th e  muscle stretched  over its 
resting length increases its  heat production and  m etabolism  and  (e.g. lactic 
acid) even w ithout being stim ulated . Furtherm ore, the  myosin or aoto- 
myosin of the  active muscle being hindered in shortening undergoes crysta l­
lization, which is accom panied by heat production as has been shown by us 
on living fibrils and  also on th reads m ade from ex trac ted  actom yosin 
(E rnst 1963).
Thus, th e  heat accom panying a so-called isom etric contraction cannot 
serve as a qu an tita tiv e  datum  concerning th e  bioenergetics o f the  m uscular 
ac tiv ity .
R K F E R E N (' E
E rnst, E . (1963) B iophysics o f the S tria ted  M uscle. Publishing H ouse o f  the Acad­
em y o f  Sciences, Budapest
Gergely: Com m ented on the  efficiency of ATP +  C„ — A D P  +  CP 
reaction and  th e  postu la te  of an  in term ediate . (No m anuscript.)
Wilkie: Argued with stoichiometric evidence.
P age: D r W ilkie, as you know, one of th e  assum ptions underlying the 
application of th e  therm odynam ics of irreversible processes to  a  system  is 
th a t  th e  s ta te  of th e  system  be no t too far rem oved from a s ta te  o f equi­
librium . Since you have applied non-equilibrium  therm odynam ics to  
muscle, can you estim ate for us how realistic th is assum ption is for a con­
trac tin g  muscle ?
Wilkie : According to  m y own supposition these phenom ena are in a s ta te  
no t far from  equilibrium , therefore, th e  form ulas of the therm odynam ics of 
irreversible processes are applicable.
Aubert: Is i t  no t so th a t  the  non-equilibrium  therm odynam ics and  the 
phenom enological equations (including Onsager’s sym m etry  relation) can 
be usefully applied only when th e  sum  of products of conjugate forces In­
fluxes is proportional to  th e  ra te  of en tropy  creation ?
Now, I  do no t see clearly how you can assim ilate the p roduct of force by 
velocity to  a ra te  of free energy dissipation.
O p l a t k a : Theoretical considerations of contraction of collagen libn s 
were produced w ith th e  dem onstration  of a model ‘diffusion controlled con­
trac tio n ’. (M anuscript did not arrive.)
JÖ B SIS: I  would like to  say a few words abou t some experim ents on the 
Fenn effect. Y esterday  1 in troduced  tw o ideas concerning the  energetics 
of m uscular contraction. The first was the adequacy of the  tim e integrals 
of the  force and  of th e  shortening as indices to  the  to ta l energy tu rnover 
in tw itches and  short te tan i. The o ther was th e  app aren t lack of a d istinct 
contribution from  activation  to  the  overall energy utilization. Today I  would 
like to  present d a ta  on the  application of these concepts to  the  in terp re ta tion  
of the  Fenn effect.
The to ta l energy utilizations of contraction under varying afterloads were 
com pared by m easuring th e  area under th e  fluorom etric response cycle
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F ig . 9. — R elative energy utilization in 
the single tw itch as a function o f the 
force developed during the contraction. 
Toad sartorius, 11° C. In itia l load 2 0 g; 
all other loads are after-loaded. Four 
cycles were recorded for the isom et­
ric tw itch; the bar shows the spread 
o f the data. Two cycles were record­
ed for the m inim ally loaded isotonic  
condition; the \A  F I  was virtually  
identical for these tw o cycles (Jöb- 
sis and Duffield, in press)
F i g . 10. — Total work ( W j )  and the tim e  
integrals o f  shortening and o f  force 
(J>) as a function o f  the force developed  
during the contraction. D ata from  
the sam e experim ent as F ig . 9. The 
m easurem ents o f  m ost duplicate points 
were virtually  identical and could not 
be differentiated in the drawing (Jobsis 
and Duffield, in press)
j 11'V). In  Fig. 9 th e  d a ta  o f such an experim ent for the  single tw itch  of 
the  to a d  sartorius is shown on the  usual ord inates of energy as a  func­
tion  of the  load. This set of d a ta  shows th a t  the  m inim ally loaded iso­
tonic contraction is m uch less exjiensive energetically th an  th e  isometric- 
one. The original work of Fenn shows th e  opposite trend , i.e. th e  m ini­
m ally loaded isotonic contractions use more energy. However, the  p re ­
sent d a ta  are in agreem ent w ith o ther m easurem ents. I  do n o t wish to  
review the  s ta tu s  of th e  field on th is question b u t curves sim ilar to  Fig. 
9 occur more frequently  a t higher tem peratu res th an  a t 0° C. The use of 
to a d  ra th e r th an  frog sarto rii is also a  contribu ting  factor. The fluorescence 
d a ta  show a m inim um  energy u tilization near th e  com pletely isotonic and 
a m axim um  a t approxim ately  80 per cent of th e  isom etric tension. A m axi­
m um  a t some in term ediate  load ra th e r th an  a t one of the  extrem es of the  
scale appears to  be common to  all published curves.
Sim ultaneously, we have m easured th e  shortening and  tension p a ra ­
m eters of the  contraction. Shortening m easurem ents speak for them selves 
and  the  tim e in tegral of th is  is shown in the  left h and  curve of Fig. 10. 
The tension was m easured w ith  stra in  gages on th e  isotonic lever. These 
showed the  tension rising un til th a t  o f the  load  was m atched. Subse­
quently , th is  tension level was m ain tained  during the  period th a t  the 
load was lifted  and  re tu rn ed  again to  th e  afte r-load  screw. The end of 
th e  en tire  tw itch  was m arked  by th e  final relaxation  of tension. The areas
21 8
under th e  tension ( \P)  and  shortening 
( \S)  aspects of th e 'tw itch  were m eas­
ured  w ith a polar planim eter. The a- 
m ount of work ( W T) was calculated 
from  the  ex ternal work done by  lifting 
th e  load +  the  work involved in deform ­
ing the  lever and  finally the  in ternal 
work estim ated  according to  th e  m e­
th o d  of Jewell and  W ilkie (1058). 
(F u rther details are repo rted  in Jöb- 
sis and  Duffield 1967.)
I  would like to  propose now th a t 
these th ree  param eters, | S,  j P  and  W T 
are sufficient to  describe the  Fenn 
effect curves. The specific hypothesis 
is, therefore, th a t  th e  th ree  curves of 
Fig. 10 can be scaled and  sum m ed so 
as to  produce a  curve closely m atch ­
ing th e  experim ental poin ts of Fig. 
9. In  order to  do th is, the  fluoro- 
m etric response cycle (fA FI) is set at
F ig . 12 — Comparison o f  the energy u tili­
zation (* ) in short tetani w ith the sealed 
and sum med contraction parameters 
(□). B ull frog sartorius, 15° C. In itial 
load 10-0 g; all other loads are after- 
loaded. Stim ulation by  4 supram axim um  
shocks delivered at 24 ops. W p  ( • ) ;  
\,S (A ); \P  ( • )  in lower curves.
Quadruplicate and triplicate points have 
been averaged at the 10 g isotonic and 
at the isom etric points (Jöbsis and D uf­
field, in press)
F ig . 11—Comparison o f the energy 
utilization ( • )  w ith the summed W T, 
IS  and \P  parameters after scaling 
(□). Same experim ent as in F igs 9 and 
10 (Jöbsis and Duffield, in press)
100 per cent a t th e  isom etric end 
o f the  scale and  th e  o ther values are 
re la ted  to  it. The value of th e  sum 
of jtf, \ P  an d  W T are set equal to  the  
experim entally  found l A FI  value a t  3 
loads (the minim ally loaded isotonic, 
the  isom etric case and  a load  h a lf­
way between them ). The th ree  sim ul­
taneous equations th u s produced are 
solved and  th e  th ree  scaling factors 
are found. Applying these factors to  
th e  rem aining experim ental po in ts of 
the  th ree  param eters a t  various loads 
yields, therefore, th ree new curves of 
J P  an d  W T. I f  th e  hypothesis is 
correct, the  sum of these th ree  p a ra ­
m eters a t any  load should now be close 
to  the  value of the  \ AF l  a t  th a t  load.
I n o ther words, th e  degree of m atching 
of the  \AFl  d a ta  and  the  sum m ed, 
scaled j S,  \ P  and  W T d a ta  indicates 
th e  degree o f confidence (or lack of it) 
in our hypothesis.
In  Fig. 11 the  resu lts of th is proce­
dure are illustra ted . The lower th ree  
curves are th e  param eters depict-
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ed  earlier in Fig. 10, bu t th is  tim e a fte r th e  scaling procedure. The open 
squares in Fig. 11 represent th e  value of th e  summed, scaled param eters and 
the  filled circles th e  experim ental j A FI  points. The fit is quite satisfactory  
for th e  hypothesis th a t  th e  m ain energy utilization in the  tw itch  is directly 
re la ted  to  the  sum of (»S', \ P  and  the  to ta l work. The deviations from abso­
lu te coincidence appear to  be a m a tte r of experim ental error ra th e r th an  
a  tren d  suggesting an overlooked contribution or a com pletely erroneous 
working hypothesis.
An a ttem p t was m ade to  find conditions yielding more closely the  sort 
of curve described by Fenn, in which all isotonic contractions utilize more 
energy th an  the  isom etric ones. We found th a t  th e  bullfrog sartorius a t 
approxim ately  15° C is, w ith some difficulties, am enable to  fluorescence 
analysis. A t th is  tem peratu re  short (four-stimulus) te tan i yield curves th a t 
begin to  be rem iniscent of those o f Fenn (see the  top  o f Fig. 12). The presen­
ta tio n  in th e  figure is com pletely analogous to  th a t  o f th e  experim ent w ith 
the  to ad  sartorius depicted in the  first th ree  pictures. Again it is clear th a t  
th e  sum m ation of th e  scaled param eters yields a curve in satisfactory  agree­
m ent w ith the  experim entally  determ ined  variation  of energy utilization 
w ith th e  load.
In  none of these experim ents was the  activation  energy a necessary or 
useful param eter in the  energetic picture. In  fact, a sizable contribution, i.e. 
more th an  approxim ately  ten  per cent of the  to ta l energy involved in the  
isom etric or isotonic tw itch , could no t be fitted  in, while a good fit was 
m aintained between th e  experim ental d a ta  and  the  calculated values. Since 
I show ed it yesterday  th a t  th e  |Ä 0 and \ P 0 are param eters in tim ately  con­
nected w ith th e  k inetic model, th e  presen t analysis of the  Fenn effect should 
ten d  to  strengthen  th e  in terest in the  kinetic approach as a  fru itfu l p e r­
spective on m uscular contraction.
R E F E R E N C E S
Jew ell, B. R . and W ilkie, D . R . (1958) J .  P hysiol. 143, 515 
Jöbsis, F. F . and Duffield, J . 0 . Science (in press)
G e r g e l y : I  wonder if  D r Jöbsis sees an am ount of energy directly  
re la ted  to  a change in length.
J ö b s i s : No, no t really. W hat I  see is an  am ount of energy re la ted  to  the  
tim e tak en  in shortening and  to  th e  am ount of shortening th a t has taken  
place. I t  is inheren t in m y s ta tem en t th a t  energy utilization is directly 
related  to  (j$dt (or to  ) '1 Alt). The way I  visualize it  is th a t  during rap id  
shortening each cross bridge is broken only a fte r a small am ount of over-all 
shortening has tak en  place. In  th e  case of the  lifting of a heavier load, 
shortening is ra th e r slow and  some bridges are m ade an d  broken, owing to  th e  
elastic stretch ing  of o ther p a r ts  of the  fibre, i.e. w ithout yielding ex ternal short - 
ening. I  consider th a t  during th e  m aintenance of th e  shortened s ta te  there is 
a  continued in terna l tension developm ent, b u t th is  is against the  internal 
re s tra in ts  of m em branes and  tendons and  even against the  folded myofila­
m ents. In  o ther words th e  situation  is m uch like th e  isom etric case, except 
th a t  th e  shortened muscle is producing in ternal tension ra th e r th an  external 
tension. In  addition, of course, th e  in ternal tension generated is m uch less
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th an  in the isom etric contraction a t  rest length, because the  overlapping 
o f actin  filam ents, etc. p revents the  form ation of the m axim um  num ber of 
cross bridges. These types of processes are the  ones th a t  resu lt in the linearity  
between energy and  ( S.
Aubert: Prof. W ilkie has p u t th e  question of equivalence in the chemical 
and  th e  physical energy from  m om ent to  m om ent w ithin th e  cycle of contrac­
tion  and  relaxation. As shown by Prof. Davies and  his colleagues the  use of 
th e  drug 2,4-fluorodinitrobenzene (FDNB) opens th e  w ay to  th e  solution of 
th is  problem , as it  allows us to  block the  Lohm ann reaction, leaving A TP as 
the  m ain source of energy for the  contraction. The com plexity of the  chemical 
reactions th a t  continue in the  poisoned muscle has, up  to  now, m ade im ­
possible to  draw  up an accurate  energetic balance sheet, b u t an in teresting 
point has em erged from  th e  stu d y  of th e  tim e course of hea t production 
in such poisoned muscle.
As I  recalled yesterday, a fte r D r Jo b sis’s presen tation , th e  developm ent 
an d  the  early  stages of th e  m aintenance of te tan ic  tension is associated w ith 
a hea t p roduction ra te  o f th e  ty p e
h =  hA ex p (—xt) +  hB
where hA is the  so-called labile fraction  and  hB th e  steady  level obtained 
a fte r a few seconds of te tan isation . Now, when frog sartorius muscles have 
been poisoned for one hour a t  0° C w ith 0-4 m m FD N B  —a concentration 
sufficient to  block com pletely the  Lohm ann reaction, according to  direct 
controls by M aréchal—th e  steady  ra te  of hea t production hB falls p ro ­
gressively w ith every new te tanus, whereas, the  labile fraction hA rem ains 
practically  unaltered , even a fte r four contractions.
I t  is th u s possible th a t  the  labile heat p roduction is correlated  w ith the  
use of ATP a t the  level of the  contractile  proteins, while th e  steady  ra te  
should be correlated  w ith all the  reactions reform ing ATP or disposing of its 
breakdow n products. Nevertheless, we cannot re ject an  a lte rn a tiv e  exp la­
nation, i.e. th a t  th e  labile hea t has som ething to  do w ith  th e  m ovem ents 
of calcium  ions (either release o f C a ++ or triggering of th e  calcium  pum p).
D a v ie s : A sked abou t th e  duration  of the  tetanus.
Aubert: Four to five seconds.
Davies: In  th a t  case there would be a considerable form ation of inosines 
which occurs a fte r th e  first 1-5 or 2 seconds in a m axim ally stim ulated  frog 
sartorius muscle which has been trea ted  w ith 2,4-fluorodinitrobenzene.
Aubert: There was still p len ty  o f ATP a t  th e  end of each te tan u s  accord­
ing to  M aréchal’s analysis of our muscles. B u t even if  th e  muscles, bad ly  a l­
tered  as a resu lt of ac tiv ity  under poisoning, had  th e ir secondary reactions 
th e  strik ing fact rem ains th a t  th e  in itial p a r t of th e  nex t contraction is no t 
changed as seen from  th e  heat production.
D ebate came abou t the  role of Ca ions, the  m ultiplex factors of the  iso­
m etric tw itch , and  abou t th e  lack of shortening heat. P artic ip an ts  were in 
sequence: Davies, A ubert, Gergely, Jöbsis, W ilkie, Jöbsis.
Tregear: A synchronous insect flight muscle works in life by  oscillation, 
and  the  sim ilar behaviour of g lycerol-extracted fibres shows th a t th is  is 
a p roperty  of the  contractile m aterial. The glycerol-extracted preparation  
will work for a few seconds a t  an  am plitude, delivering an am ount of
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work per cycle near to  th a t  in  life. However, the  glycerol-extracted  muscle 
will only work a t  a m uch lower oscillation frequency th a n  th e  live muscle. 
The system  will only work while th e  tension is kep t below a critical level, 
which m ay often  be reached by  stretch ing  the  muscle by 4-6  per cent in 
ac tiva ting  solution. In  relaxing solution, on th e  o ther hand, the  muscle m ay 
be ex tended  by  a t  least 15 per cent w ithou t im pairing its  function.
Two facets of th is system  are of particu lar in terest. The first is th a t  th e  
enzymic sites appear to  be ac tiv a ted  by stretch ing  of th e  sarcom ere bo th  to  
split ATP and  to  generate tension a fte r a delay. This sensory function 
requires re la tive m ovem ent of th e  filam ents of only a few hundred  A, and 
is n o t dependent on close contiguity  between the  A-filaments and  th e  Z-disc.
The second is th a t  on being ac tiv a ted  in th is way by  an oscillation, the  
muscle can drive approxim ately  1—3 kcal m echanical energy ou t of the  
filam ent a rray  for every mole ATP split. I f  th e  muscle is oscillated too fast 
th is  efficiency falls off.
R ü e g g : The ra te  of ATP consum ption in relation to  power o u tp u t of the 
muscle machine m ay be determ ined in glycerol-extracted insect fibrillar 
muscles (Rüegg, Tregear 1966) which perform  oscillatory work when they  
are sinusoidally stre tched  in ATP salt solution (Jewell, Rüegg 1966). F ibre 
bundles of abou t 7-10 fibres from the  dorso longitudinal muscle of the  
trop ical w aterbug Lethocerus m axim us  were sinusoidally stretched  in a solu­
tion  containing 5 m m  ATP, 5 b m  MgCl2, 70 m m  KC1, 20 tom histidine pH  6-5. 
4 tom EGTA-calcium  buffer. The oscillation am plitude was abou t 3 per cent 
o f th e  resting length  and  th e  frequency 2/sec. Increasing th e  calcium ion 
concentration up to  abou t 10 _6 m  increases both power o u tp u t and  oscilla­
tion-induced ex tra  ATPase in proportion when the  fibres are driven to  
oscillate (Fig. 13). A t higher C a ++ concentration (about 10-5 m ) the  
power o u tp u t decreases to  about 38 ^  20 per cent though th e  ex tra  
ATPase induced by  oscillation is fu rth e r ac tiv a ted  to  139 ±  10 per 
cent of th e  value a t th e  optim al calcium ion concentration. Thus, a t 
high calcium ion concentration the  efficiency is decreased b u t th e  in te r­
p re ta tion  is com plicated by th e  u n ce rta in ty  about th e  in trafibrillar ATP
F ig . 13 .—E ffect o f  C a ++ concen tra tio n  on pow er o u tp u t 
and  A T I’ase a c tiv ity  o f  osc illa ting  an d  non-oscilla ting  
g ly cerin a ted  insec t fib rillar m uscle
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and  A D P level and  by  the  possibility th a t  th e  work of p a r t  of th e  active 
fibres m ay be absorbed by  non-oscillating fibres of the  fibre bundle core. 
Investigations w ith single fibres and  w ith ATP restitu tin g  system s are in 
progress. I t  is in teresting, th a t  th e  oscillatory ex tra  ATPase (and also the  
s tre tch  ATPase; see Rfiegg an d  Tregear 1966) show the  same dependence on the  
concentration of ionized calcium as th e  actom yosin ATPase. These findings 
are consistent w ith th e  view th a t  the  oscillatory ex tra  ATPase is essentially 
an  actom yosin ATPase. I t  depends on actin -m yosin  in teraction  and  it  m ay 
well arise from  an oscillation-induced increase in the  in teraction  ra te  between 
actin  and  myosin.
R E F E R E N C E S
Jewell, B. R . and Riiegg, J. C. (1966) Proc. roy. Sor. B  164, 428 
Rüegg, J . C. and Tregear, R . T. (1966) Proc. roy. Soc. B  (in press)
Hasselbach: H ave I  understood righ t th a t  the  ATPase of your fibres is 
ac tiv a ted  owing to  th e  s tre tch  of th e  A-filaments ?
Tregear: Yes.
In  th e  discussion of T regear’s p resen tation  Bowen and  H uxley have p a r ­
tic ip a ted  in  addition. (M anuscript did no t arrive.)
Vorobyev: I  should like to  no te th a t  D r T regear’s results correlate w ith 
our experim ents abou t which I  spoke yesterday.
In  1962 we m anaged to  observe an  increase in  ATPase ac tiv ity  of glyceri- 
n a ted  muscles (m. sartorius of th e  frog) upon stretching. L a te r on, we 
showed th a t  loading influences the  enzym atic properties of g lycerinated  
muscle fibres (m. ileo-fibularis of the  frog and  m. psoas of th e  rabb it). Small 
loads accelerate the  sp litting  of ATP by fibres, while the  action of large 
loads reduces th e  ATPase activ ity .
In  Figs 38-39 (cf. pp 192-4) you can see th e  results of experim ents w ith 
g lycerinated  muscle fibres of th e  rab b it psoas. The bundles of glycerinated 
fibres were stre tched  by  th e  load. The length of th e  bundle under definite 
load and  the  length of sarcom ere (curve 3) were m easured. Then A TP was 
added. A fter a certain  period of tim e we m easured th e  ex ten t of contraction 
of th e  bundle (curve 1) and  the  am ount of inorganic phosphate split from  
ATP (curve 2). Sim ultaneously 10-12 experim ents were perform ed. E ach 
poin t o f th e  curves is th e  m ean of several experim ents. You can see th a t  
the  m axim um  of ATPase ac tiv ity  was a tta in ed  when fibres were stre tched  
under th e  load of 50 mg to  the  sarcom ere length of abou t 2-7 //.
Now, abou t the  in te rp re ta tio n  of th is phenom enon. I  shall dem onstrate  
th e  resu lts of our experim ents in  which deform ation of actom yosin or m yo­
sin molecules in  solution was induced by  the  application of hydrodynam ic 
field of flow. E xperim ents were carried ou t in th e  device for th e  s tudy  of 
double birefringence in flow. In  th is  experim ent (Fig. 14) we have com pared 
a  tim e course of ATPase ac tiv ity  of myosin a t the  action of hydrodynam ic 
field (gradient of flow g =  3100) and  w ithou t its  application (at zero ra te  
gradient).
As can be seen ATPase ac tiv ity  of myosin is increased upon th e  action 
o f hydrodynam ic field. W ith  tim e th e  increase in enzym atic ac tiv ity  is com-
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pensated  by its decrease due to  the 
denatu ration  of myosin in th e  hydro­
dynam ic field.
I  th in k  th a t  we cannot explain 
th is effect only by such geom etrical 
factors as th e  ex ten t of the  overlap­
ping of myofilaments. M echanical de­
form ation is known to  influence a con­
form ational transition  in m acrom ol­
ecules. I  suppose th a t the  increase in 
ATPase ac tiv ity  upon stretch ing  in 
our experim ents and  in D r T regear’s 
experim ents gives rise to  conform atio­
nal changes in myosin or actom yosin. 
These changes p robably  are located  in 
th e  bridges between myosin an d  actin  
myofilaments.
A fter th e  presen tation  questions were 
asked by W ilkie and  Gergely.
V o r o b y e v : G lycerinated muscle fibres o f m. psoas of the  rab b it and  m. 
ileo-fibularis of th e  frog were prepared w ith th e  ordinary  m ethod o f A. Szent- 
Györgyi. The bundles o f fibres were worked repeated ly  in solutions of 
0-13 M NaCl, 1-5 X 10^3 M MgCl2, 0-05 m  CaCI2, 0-02 m  tris  buffer, pH 7-2. 
The bundles were placed in a special vessel w ith th e  same solution with 
3-6 X 10-3 M ATP. The ex ten t of contraction o f th e  control bundles upon 
th e  addition o f ATP was abou t 60 per cent.
E xperim ents w ith myosin were perform ed both in solution of high ionic 
streng th  (0-6 M KC1) and  in 0-15 M KC1 (condition in which D rH . E. Huxley 
perform ed a linearly ordered aggregate of myosin). No noticeable differ­
ences in th e  ATPase ac tiv ity  upon application of hydrodynam ic field in 
0-6 m  KC1 and  0-15 M KC1 were observed. We have observed a slight in ­
crease in th e  effect w ith actom yosin in th e  solution o f 0-15 M KC1 in com pa­
rison with th e  actom yosin in th e  solution of 0-15 M KC1.
Com ments were made, in addition, by Bowen and  Jöbsis.
R i n a l d i : D em onstration of a  film abou t the  m ovem ents of granulae in 
Allogromia laticollaris.
The m otion p ictu re film illustra tes two-way m otion existing in the  pseudo­
pods of Allogromia laticollaris, a living foram iniferan. As previously sug­
gested, I  consider th is organism  to  possess a 'p rim itive m uscle’. The two- 
way m otion existing in th e  pseudopod is sim ilar to  the  tw o-w ay m otion 
envisioned, as I  in te rp re t it, in the  muscle cell by th e  sliding filam ent h y p o th ­
esis. The filam ents in th e  muscle cell move only a few microns, b u t the 
subfibrils o f the  foram iniferan pseudopods move m illim eters. Furtherm ore, 
th e  pseudopods can tran sp o rt m aterials on their surface and  each subfibril is 
surrounded by a u n it m em brane. The subfibrils are able to  anastom ose to  
one another. The subfibrils are of different shapes an d  dim ensions; their 
range is from 120 A to  25 000 A. I have ex trac ted  these fibres w ith 50 per 
cent glycerol and  w ater, b u t the  addition  of ATP is so d isturbing to  such 
a fine netw ork th a t  I  cannot determ ine w hether th ey  are affected. I  have 
not succeeded in identifying actom yosin-like com ponents in these pseu dopods
F ig . i t
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F A C T S ,  I M P L I C A T I O N S  A N D  P E R S P E C T I V E S
E . E rnst
B I O P H Y S I C A L  I N S T I T U T E ,  U N I V E R S I T Y ,  P É C S
Dear Colleagues
Now, a fte r discussing structu re , chem istry, mechanics and  energetics of 
the  s tria ted  muscle, we have arrived  a t the  po int when it  seems tim ely  to  
try  to  sum m arize or synthesize. F or these the  Organizing Com m ittee reserved 
th is afternoon, i.e. th is  p lenary  m eeting, on the  one hand, and  th e  whole day  
tom orrow  when during th e  excursion each p artic ip an t will have th e  o p p o rtu ­
n ity  to  discuss any questions w ith o ther colleagues.
1. My ta sk  is now to  begin th e  discussion dealing w ith synthesizing, and  
so I  cannot help asking: Am I  now really  able to  synthesize? As to  th is 
question, perm it me, please, to  rem em ber m y speculations a t  the  s ta r t of 
m y scientific career, more th an  half a cen tury  ago. I t  seemed to  me th a t 
th e  most profound problem  of science was the ac tiv ity  of our nervous system , 
th e  leading labora to ry  of m aking science; accordingly, I  decided to  occupy 
m yself first of all with th e  function of nerves. Because of th e  outstanding  
im portance o f m ethod th e  question of how to  record the  ac tiv ity  of th e  nerve 
seemed to  be th e  first one. I  beg to  rem ind you, th a t  a t  th a t  tim e the  fact 
had long been known th a t  a tetanic contraction of th e  muscle could be 
brought abou t by stim ulating the  nerve with d. c. T h at m eans th a t  the  con­
tinuous process of stim ulation is followed by the  discontinuous process of 
the  te tan ic  contraction. This in teresting phenom enon surely played a role 
in F rey ’s hypothesis (Frey 1883), according to  which ‘the ab ility  should be 
ascribed to  nerves to  transform  th e  constan t course of d. c. into separate 
impulses of exc ita tion’. T h a t m eant to  me th a t th e  d iscontinuity  in the 
te tan ic  contraction of the  muscle originated from  th e  d iscontinuity  of the 
nerve-function, i.e. th a t  muscle represents a reliable recorder of nervous 
activity. Therefore, I  though t I  should en ter upon investigations in to  nerves 
only a fte r studying  and  ‘getting  to  know’ muscle. Shortly, muscle seemed 
a t  th a t  tim e to  me th e  anteroom  to  m y fu tu re  work on nerves, and  now 
afte r half a century, I  wonder w hether I  am fu rth e r th an  the  anteroom  to  
muscle.
B ut, a t any ra te , I  see a great development in m any fields of myology and  
also our Symposium  has given evidence of th is developm ent. Therefore, p e r­
m it me, please, g ratefully  to  th an k  in the  nam e of the  Organizing Com­
m ittee all the  partic ipan ts  of th is  Symposium  and  first of all the  w orthy  
colleagues who accepted th e  ta sk  o f delivering th e  in troducto ry  lectures. 
I  th ink  all partic ipan ts  agree also th a t  the Organizing Com m ittee gratefully  
th an k s the  In tern a tio n al Union of P u re  and  Applied Biophysics for having 
consented to  organize th is  Symposium under its  auspices. 1 should like to  
propose to  send a le tte r to  the  Union thank ing  for its consent.
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1.1. And now, a few words for the developm ent; first of all, in the  field 
of s tructure . L et me, please, rem ind you of th e  fact th a t  even the  basic 
microscopic s tructu re  of the  muscle fibre was being debated  in th e  twenties, 
and  e ither th e  fibrils or th e  cross-form ations of the  fibre were looked upon 
as a rtifac ts  due, am ong others, to  th e  m ethod of preparation  (E rnst 1963). 
In  con trast to  th a t , now we are discussing units 100- 1000 tim es sm aller th an  
the  fibril itself, we are approaching step  by step  th e  investigation in to  units 
of m acrom olecular size (Huxley 1966b). And, w hat is still more, even single 
atom s of K , N a and  Ca could recently  be localized inside the  m icrostructure, 
moreover, I  hope, inside th e  subm icrostructure in the  near fu tu re  (Ernst 
1966, Tigyi 1966, W inegrad 1965).
These last results belong also to  the  chemical s tru c tu re  of the muscle. 
In  th is  field first o f all myosin and  actin  are to  be m entioned; myosin was 
known long ago, b u t the  newer developm ent concerning the  proteins of the  
muscle is very  conspicuous. I  will not speak more about th is topic, the  
partic ipan ts  are much more able, th an  I. to  evaluate the  advances in th is 
field (Ebaslii 1966, Ivanov 1966).
Mechanical ac tiv ity  and  energetics were the  subjects of the  second p a r t of 
our Symposium. A part from  w hat has been achieved in detail, developm ent 
can be seen also in the  circum stance th a t  to d ay  everybody looks upon the 
muscle problem  as a complex of structu re , chemism, mechanism and  ener­
getics. T hat is a  very  im p o rtan t fact of developm ent contrasting w ith p re ­
vious efforts, m ade bv some au thors to  solve the  muscle problem  on the 
slender basis of one or another experim ental resu lt and  disregarding all 
o ther experim ental facts.
1.2. But our old M aster, A. V. Hill (1916) said in 1915: muscle physiology 
is no longer a child who is satisfied w ith half-statements, i t  has grown up and 
has to  reckon w ith exact quantities and  absolute values. Accepting Hill’s 
adm onition and  continuing it in  a less diplom atic version, we ourselves, as 
grown-up research workers, a fte r getting  beyond th e  teen-age of biological 
science, should properly perform  our work in myology. Let me, please, 
m ention in short, e.g., th e  la te  lactic acid theory  o f muscle contraction to  
show w hat I mean. Of course, nobody w ants to  discredit th e  valuable 
experim ental facts concerning lactic acid p roduction accom panying m uscular 
ac tiv ity , b u t th is  theory  neglected all o ther experim ental facts, th a t  is why 
th is  theory  from  th e  beginning seemed to  me to  be based on half-sta te­
m ents. The more so since E m bden showed th a t lactic acid was produced 
even after relaxation. M eyerhof (1930), th is  g reat scientist of biochem is­
try , endeavoured to  weaken the  refu ting  force of th is im portan t co n tra ­
d ictory  fact by  producing the  expression of 'E x tra -M ilchsäure’ (‘ex tra  lactic 
acid’). And now, fo rty  years later, D avies’ com m ent (Davies 1966), describ­
ing the  ATP breakdow n during m uscular ac tiv ity , dem onstrates also 
a delayed breakdown of ATP occurring a fte r the  mechanical work is com ­
pleted  (Infan te an d  Davies 1962). Let me raise the  question: will the  p ros­
pects for ‘ex tra  ATP breakdow n’ differ from those for ‘ex tra  lactic ac id ’?*
* Some data  m entioned during our Sym posium  show the role o f  A TP played  
in contraction quite differently from w hat it has originally been supposed to  be. (Cf. 
B ow en’s com m ent, p. 198; Bowen 1966). These and other facts corroborate to  the  
experim ental results and considerations o f E rnst’s team  rejecting the original ATP- 
theorv o f contraction (Ernst 1963, Szabolcs 1954, E rnst and Metzger-Török 1962).
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1.3. 1 should no t like to  pause a t  th is special po in t bu t shall discuss in 
short th e  m ore general question : w hat is the  ratio between facts and inferences 
in the  myology of our days. T rying to  answer I feel, first o f all, m v obligation 
to  explain why I  used the  expression im plications and  no t inferences in the 
program  of our Symposium. The sim plest way to  answer would be, of course, 
to  refer to  m y im perfect knowledge of the  English language, which is nearly  
sim ilar to  th a t  of Germ an. Concerning th e  la tte r, I  was in structed  30 years 
ago, a fte r giving a lecture abou t volum e dim inution, a t the inv ita tion  of the 
Biological Society in Vienna. A fter m y lecture 1 was, of course, praised etc., 
b u t a Germ an colleague, w ith whom I  was on friendly  term s, addressed me 
as follows: T congratu late  you, Mr. E rnst, you have spoken excellent 
H ungarian .’ 1 can im agine w hat th e  words o f congratulation of a sincere 
English colleague will be a fte r m y present lecture.
Coming back to  th e  word im plications, I  confess, in th is case I deliberately 
used th is expression instead  of inferences, because I  wished to  emphasize 
th a t  an im p o rtan t question is som etim es no t clarified by a certain  assum p­
tion  bu t, on th e  contrary , becomes m uch more com plicated. Both expres­
sions—im plication and  com plication — contain the  L atin  verb plicare, the 
m eaning of which m anifests itself in the L atin  sentence anguis se plicat 
(transla ted : snake folds itself). Please, do no t th in k  I  w anted to  allude to  
som ebody or to  som ething, all th e  less, since 1 am  known in friendly circles 
to  be a weak shooter. But, notw ithstanding, 1 can som etimes succeed in 
h ittin g  the  targe t.
1.4. H alf-statem ents often are produced by  em phasizing a  certain  experi­
m ental resu lt one-sidedly; strik ing exam ples are to  be found, e .g ., in cases when 
experim ental results th a t  have been published earlier are described again as 
new scientific progresses. Furtherm ore, we often are witnesses to  th e  situation  
in which an assum ption try ing  to  explain an experim ental re su lt—so to  
speak — covers up o ther experim ental achievem ents; or som ething sim ilar 
m anifests itself on th e  p a r t of th e  critics. An exam ple presents itself in the 
case o f th e  hypothesis according to  which the  process of shortening is 
brought abou t by m ovem ents of certain  subm icrostructural un its exclusively 
in  longitudinal direction of the  fibril.* But m any earlier experim ents abou t 
contraction  of muscle in  vivo dem onstrated  sim ultaneously w ith shortening 
also a blow-out of the  contracting fibre in transversal direction (Fig. 1). 
Therefore, th e  explanation of shortening should explain also th e  w idening.— 
A nother exam ple of one-sidedness is th e  way in which th e  role of Ca in 
m uscular ac tiv ity  is som etim es explained, the  role of K  or Na being sim ul­
taneously  disregarded.**
* Passing over the strong contradictory com m ents o f Ernst (1966), Garamvölgyi 
(1966), Guba (1966) and others, I w ant to em phasize especially H u x ley ’s opinion: 
the sliding hypothesis is not for explaining everything, . . . the supposed activ ity  
o f the cross bridges does not belong to  the hypothesis. -— This m oderate statem ent of 
H uxley pronounced at the end o f our Sym posium  m ay be confronted with his sta te ­
ment m ade one week earlier at the International Biophysical Congress in Vienna 
(H uxley 1966a): “The active sliding m otion o f act in filaments past m yosin filam ents 
during contraction is brought about by processes occurring on . . . cross bridges . . . ” 
The conspicuous difference is to  be ascribed— I should like to  believe i t —to  the  
discussions held at our Sym posium .
** W hen discussing the role o f Ca, I w ant to m ention m y dear colleague, Anne 
Lánczos, who was one o f  the first to describe the role o f  Ca in activ ity . (She was killed 
in 1944 by  the fascist murderers.)
F i g . 1 .  —  C o n t r a c t i o n  o f  a  c r o s s - s t r i a t e d  m u s c l e - f i b e r  ( H y d r o p h i l u s )
Perhaps one of the  m ost characteristic instances of one-sidedness in 
myology of to d ay  consists in neglecting the  im portance of w ater in muscle 
physiology- This tim e 1 do n o t w ant to  discuss w hat th e  connection between 
the w ater-conten t o f muscle and  its irritab ility  is; (which connection appears 
as th e  effects of drying, or of glycerin, or of perfusion w ith hypertonic 
solutions, e tc .; E rn st 1963). N either shall I dwell upon th e  very interesting 
phenomenon dem onstrating  a long tetanus-like contraction  of the  muscle 
perfused w ith hypotonic solution (E rnst 1963). Well, w hat I  am  going to  
m ention is how w ater can be looked upon as a link tran sm ittin g  energy over 
long distances, e.g. 100 A; fu rth e r the  conception abou t the G ro tthus-type 
m echanism  explaining th e  role of w ater in th e  transm ission of electrons over 
long distances (Horne 1964). In  th is process the  protons of th e  w ater m ole­
cules are assum ed to  p lay  the  role, especially in th e  inner shell of the  hydra te  
water, e.g., of m onovalent cations or of radicals (Reynolds and  L um ury  1955, 
H orne and  A xelrod 1963). But, 1 m yself should not like to  com m it the  fau lt 
of one-sidedness and  therefore 1 only rem ark th a t the  problem  concerning 
the  bound or free w ater in muscle deserves keen in terest(Pócsik  1966).
By em phasizing the  fau lt of one-sidedness I  do not, of course, disapprove 
of it in experim ental work concerning a certain  single question, b u t in solv­
ing th e  general problem of the  s tria ted  muscle one-sidedness lias never 
played a prom oting role. For, please, do tell me w hat progress was brought 
abou t by and w hat resu lt rem ained from  th e  E ngelm ann—P auli—F iir th ’s 
swelling theory , or from the  B erzelius-F letcher-H opkins-M eyerhof— 
Hill lactic acid theory?! Many thousands o f papers, seemingly proving these 
theories or w ritten  in favour of them , are buried  in oblivion.
2. Of la te  decades research work in m yology was directed  tow ards micro­
scopic or m olecular dimensions. This tendency  was, as we know, very suc- 
cessfull, bu t one-sidedness in th is case can easily bring on a situation  in which 
one cannot see th e  macroscopic wood for the microscopic trees. Therefore, 
perm it me, please, to  continue w ith macroscopic aspects. The more so, because 
the  fact som etimes seems to  have become forgotten  th a t  muscle is a, macro­
scopic device of nature to perform work and  not a topic of hum an science by 
which some workers in it can acquire fame.
2.1. Muscle performs movements and transforms them, like m achines (e.g. 
a  sewing machine). Thus exact investigation and  m athem atical form ulation 
of these m ovem ents form a substan tia l p a r t of myology. Accordingly, 
I  should like to  bring in to  prom inence the  contraction curve of th e  muscle 
(Fig. 2) as it  is produced by experim ent: th is tim e course o f shortening can 
be expressed by th e  form ula
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where R  and  T  denote th e  m axim al shortening of a tw itch  and  th e  tim e 
belonging to  it, lienee th e  fraction r/R  signifies th e  relative shortening in 
the  relative period t/T; Fig. 2 shows th a t th e  stan d ard  deviations of the  
experim ental values of shortening are relatively  small, so th is form ula of 
the  m acroscopic process of shortening can be looked upon as approxim ately  
expressing th e  experim ental facts.* Therefore, the  value of any  hypothesis, 
explaining shortening by  subm icroscopic or molecular m ovem ents depends, 
in m y opinion, on how far th ey  agree w ith th is macroscopic law.**
2.2. Muscle produces and transmits force like machines. The force exerted  
by active muscle is an unequivocal function of th e  ex ten t of shortening; 
th e  explicit forms of th is function are different according to  th e  different 
experim ental results described by different scientists, from  Schwann to  
Hill, in the  last 150 years. The sim plest form ula can be derived on th e  
basis of Schwann’s experim ents shown in Fig. 2: the  corresponding m athem at - 
ical expression reads
where P  denotes th e  m axim um  m uscular tension, hence p /P  the  relative 
tension depending on r/R  (see above).
These d a ta  refer to  different contractions of a muscle, and  th e  sam e 
function between force and  shortening is valid for different stages of th e  
same contraction. This general law based on experimental facts says, as 
known, th a t  th e  m ore th e  muscle has shortened during contraction the  
less is th e  force exerted  by it. A n y  hypothesis trying to explain the molec­
ular or submolecular origin of force produced in  contracting muscle must 
not contradict this fact. Accordingly, e.g. the  hypothesis explaining con trac­
* On the basis and by m eans o f th is m acroscopic law  and m athem atical form ula­
tion also the tim e course o f the tetanic contraction can hi' exactly  described (TCrnst 
1963).
** Thus the m olecular aspects are inseparably connected w ith m acrohappenings, 
as is generally right and practical to study ra d  biológiád phenomena and not single 
aspects o f them.
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F ig . 2. — Sine-curve and the curve o f shortening (twitch)
p
p
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[■ !<;. 3 .—p /P  as a function o f r/K
tile  forces as due to  a ttra c tio n  between 
opposite (electric) charges is, in this 
simple form, inconsistent w ith  ex ­
perim ental facts, or else the  muscle 
would exert the  g reater force th e  more 
it has shortened.
2.3. The m uscle-m achine sim ultane­
ously exerting force and  producing 
displacem ent, performs work; hence the­
oretical m axim um  work and mechanical 
efficiency should be determ ined d a ta , by 
m eans o f which th e  quality  o f m achines 
can be properly judged. As to  th e  first, 
by means of equation (2), th e  proper d if­
ferential equation and  the  in tegral o f it
W p d r  — P  \ 1
1
o
P R
can be obtained. T h at is, th e  m axim um  work which a muscle can perform  
in a (tetanic) contraction is given by  half p roduct of the  m axim um  muscle 
force (when there is no shortening) and  m axim um  shortening (when no 
force is exerted).*
B ut, experim ents on excised muscles give sm aller values for th e  effective 
work w  am ounting, in general, to  half of W . Thus, m echanical efficiency in
these cases is
But m echanical efficiency, com puted for work perform ed under proper 
physiological circumstances, can come close to  the  u n it (E rnst 1963). This, 
on th e  o ther hand, contrad icts values which can be read  in th e  lite ra tu re  
(Davies 1966), and  are com puted on the  basis of hea t developm ent or some 
m etabolic processes. But th a t  is erroneous; to  clarify th e  situation  we have 
to  consider th a t  all known m etabolic processes and  h ea t production can be 
brought abou t by mere passive mechanical stress o f a muscle. Moreover, 
stretch ing  even a bundle of th reads of actom yosin is accom panied by heat 
developm ent, as shown by Fig. 4. Consequently, all speculations or q u an ti­
ta tiv e  d a ta , w anting to  dem onstrate  a functional connection between con­
trac tion  and  hea t developm ent, neglect these experim ental facts. The d a ta  
given a t  th is  Symposium  by Jöbsis (1966), Davies (1966) and  especially bv 
W ilkie (1966) support th e  au th o r’s views (E rnst 1963).
* E .g. for the biceps o f  a man
P  ~  10 kp cm "2 X 12 cm2 
/Í — 10 cm
and therefore
W  ~  (i m kp.
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Fig. 4. — Lengthening and heat production o f a bundle o f  acto- 
myosirt threads. Top: tim e =  sec each, middle: lengthening, 
below: heat developm ent. The second curve shows frequent stretch­
ing
2.4. Bv the  high value of the  m echanical efficiency of its  work, muscle 
corresponds to  a very  good m achine. But muscle is m uch more th an  th a t, 
in so far as it  has tu rn ed  ou t to  be a  unique, excellent device surpassing the 
data of physics by its biological characteristics. Namely, when it  is repeatedly  
engaged m echanically, it becomes enabled to  perform  grea ter work than  
before, and  i t  brings th is  abou t by increasing its own substance. This bio­
logical process, called hypertrophy, accom panies m echanical ac tiv ity . H y p er­
trophy  having long been known, for m any generations, did no t succeed in 
being considered in muscle science according to  its im portance. N o tw ith ­
standing, th is question leads us to  interesting considerations.
a) H ypertrophy  of the  muscle can be assum ed to  be brought abou t by 
means of mechano-chemical coupling. A lthough th e  process o f m echano- 
chemical coupling does not seem to  have been elaborated  properly  in 
science, no tw ithstanding, in the  case of muscle, it can be trea ted  even semi- 
quan tita tively . To m y sorrow, 1 have no tim e enough to  discuss th is topic 
in detail.
b) F igure 5 dem onstrates an  electron-m icroscopic p icture showing poly- 
somata lying between submicroscopic un its of muscle (Cedergren and  
H ararv  1964). Thus, th e  question can be raised w hether the  ribosomes, being 
in the  im m ediate v icin ity  of active muscle subunits, are directly  stim ulated  
by them  to  g reater activ ity .
Besides th a t,  neither can the  possibility be excluded th a t  th e  polysom ata 
are stim ulated  through subm icroscopic nervous elements which are su p ­
posedly present inside th e  muscle and  stim ulated  by its ac tiv ity . F u rth e r­
more, ac tiv ity  is regulated  by the  nervous elem ents contained in the  fibres, 
spindles and  tendons, and  therefore muscle can be looked upon as a cyber­
netic device.
3. According to  w hat has been said up to  now, muscle represents an 
excellent macroscopic machine. Hence, I  expect th e  g reatest developm ent 
of myology when muscle is investigated  according to  its  basic natu re , i.e. 
as a working machine, exceeding all q u an tita tiv e  d a ta  of technique and 
physics by  v irtue o f its  biological means. Along th is  line should be under 
stood im portan t questions of the  praxis in sport and  labour, such as fa ti­
gue, stiffness, con tractu re or spasm, ru p tu re  of muscle, th e  isom etric
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F ig . 5. — Polysoinata betw een filam ents o f  a  fibril
tra in ing  — and in clinical work such as m votonv, degeneration, etc. (E rnst 
1066).
Well, 1 am  now already  speaking about perspectives. Prof. C. F. Powell 
of B ristol, delivering a lecture on The Bole of Science in European Civi­
lization a t a C ER N -m eeting (Counsil European Recherches Nucleaires), 
spoke abou t th e  fu tu re  o f science to  be organized for whole continents or 
even on a global scale. Our present claim is, of course, m uch less, b u t we are 
compelled to  see th a t  our muscle science—despite doubtless developm ents— 
is fallen behind th e  tim es. L et us ju s t consider the  im mense gap between 
the  developm ent of electricity  and myology, both  being abou t th ree  hundred 
years old: electricity  has grown to be the  industrial g ian t of our age and  our 
delegate in the  Universe.
3.1. A nd myology ? I t  is tru e  th a t m any hundreds o f thou sands of research - 
workers are to d ay  occupying them selves w ith muscle, and  th a t  there  is 
a continuously increasing flood of publication abou t muscle. But perm it me, 
please, to  raise th e  question w hether th e  real developm ent of myology is 
growing proportionally  to  the  lite ra tu re  abou t myology? F u rth er, it is also 
tru e  th a t  m any sym posia have been organized to  prom ote the  developm ent 
of m yology; these, in general, contained a lot of lectures more or less inde­
pendent of each o ther; and  some reports of these sym posia are, indeed, very 
good and  in teresting  bu t, th e  question arises w hether th e  sym posia could in 
fu tu re  become more efficient.
T h at is why our Organizing C om m ittee decided th a t  only in troducto ry  
lectures should be held a t  th is  Symposium, and discussions should try  to  fix 
and  formulate the present state of some topics to  be debated. Thus I  beg to  
propose the following as exam ples: (i) the  real s ta te  of the  thick and thin 
filaments inside th e  whole fibril; (ii) w hat the medium is in which the fila­
m entous m aterial is em bedded in the sarcomer; (iii) w hat th e  m athem atical 
law of macroscopic shortening is and  how far th e  hypothesized submicro- 
scopic movements correspond to  it; (iv) w hat the  mechanism  and  the  m edian .
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ical consequences are of the  crystallization of the muscle proteins; (v) how 
is i t  to  be explained th a t  a muscle stretched to  a certain  degree is unable to  
exert ac tive force on stim ulation; (vi) mechanism  and  consequences of hyper­
trophy.
3.2. I t  would mean, in my opinion, a g reat progress if our Sym posium  — 
b e tte r to  say its  review appearing, I  hope, in th e  near fu tu re —would 
inform colleagues th a t  our discussions had succeeded in producing clear cut 
form ulations either of th e  agreem ents concerning some topics or of the  
opposed standpoin ts. On the  basis of such a resu lt fu tu re  sym posia could 
perhaps fix for discussion one or ano ther problem  and  foreshadow th a t  the  
aim  of th e  nex t sym posium  w ould be to  clarify the  problem  previously 
assigned. W orking along these lines we shall perhaps arrive a t  th e  stage 
where in te rna tional sym posia are able no t only to  determ ine w hat to  d is­
cuss, b u t even to  suggest w hat to  investigate.
Thanking you for your kind a tten tio n  I  should like to  ask you to  try  to  
form ulate th e  results of our discussions concerning the  debated  questions 
an d  am ong them  some of those proposed by me.
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G E N E R A L  D I S C U S S I O N
G u b a : In  spite of brillian t experim entations which give support to  the  
sliding filam ent theo ry  there  are several points in which more u n d erstan d ­
ing w ould be very welcome.
I  th in k  m any o f us got evidence th a t  th e  tw o opposite-standing sets of 
th in  filam ents o f a  sarcom ere could pass each o ther a t  shortened sarcom ere 
length, getting  in th e  double overlap zone.
One can find th is  overlap of th in  filam ents in myosin ex trac ted  myofibrils 
too  (Figs 6 and  7).
These and  some o ther findings are strong supports for the  sliding m echa­
nism. I t  is inevitable to  consider some k ind  of sliding during th e  contraction. 
The question to  be answered, as it appears to  me, is w hether the  sliding of 
filam ents is th e  driving phenom enon of the  contraction or it is a con­
sequence of some other, m ore fundam ental events. To come closer to  th is 
problem  one has to  consider as m any observations as possible and  see 
w hether th ey  are in harm ony w ith th e  sliding theo ry  or not. I t  seems to  me 
th a t  there  are facts which are incom patible with the  concept o f a simple 
sliding m echanism  as driving phenom enon of the  contraction and  which 
throw  some light on the  possible colloidal changes in myosin during the  
contraction.
(1) The con tinu ity  of th e  filam ents in th e  myofibril. — (a) As has already 
been published we have done some work on the  continuity  and  colloid 
s ta te  o f filam ents in th e  myofibrils as seen under th e  electron microscope.
The structu res observed in th e  electron microscope have been discussed 
from  th e  po int of view of the  sectioning technique, too. We concluded th a t 
cross sections give more reliable d a ta  th an  the  longitudinal ones. The u ltra ­
stru c tu re  of rab b it m. psoas myofibrils an d  especially th e  transitions of 
bands in th e  sarcom ere have been investigated  in th e  relaxed and  con­
trac ted  s ta tes  in adequate  cross-sections. G lutaraldehvde fixation, Epon 
em bedding and  adequate  cross-sectioning were used. M easurem ents were 
perform ed on th e  sizes o f filam ents and  on the  d istance of th e  prim ary 
filam ents in th e  relaxed and  con tracted  states.
The results of our m easurem ents are sum m arized in Tables 1, 11 and  II I .  
From these d a ta  a t  least th e  con tinu ity  of the  prim ary  filam ents th roughout
T A II L  E  i
D ata on the sizes o f the filam ents in  the relaxed muscle
H A
A-L
junction I
A SD A 1 SI) A SD A SD
Lattice constant (distance of 
the primary filaments) . . . .  
Diameter of the primary
3 6 0  1 2 0 3 6 0 I S
filaments ................................ 1 6 0 21 1 2 0 2 4 7 0  2 4
Diameter of the secondary
filaments ................................ 6 5 4 6 5  1 0 SO 10
The num ber of filaments was calculated for 1 ja2 surface
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Fig. h.— Relaxed muscle fibre (m. psoas o f  rabbit) after extraction o f m yosin. The 
opposite-standing sleeve-like sets o f  thin filaments separated by a gap are clearly
seen
Fig. i. Contracted m uscle fiber after extraction o f  myosin; the opposite-standing  
sets o f thin filam ents are overlapping in the centre o f  sarcomere
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T A 15 L E I I
N um ber of filam ents in 7 //2 area in the relaxed muscle 
at different parts o f the sarcomere
A A - I  ju n c tio n i /
n/#* SI) nlfi‘ j SI) n  hr SD SD
PF 1045 32
SF 2100 46
F — 2800 | 253 2300 215 2400 420
The area occupied by the myofibrils determined with a planim eter was found to be 92 ± 2  per cent of the 
fibre
T A B L E  I I I
Data on contracted myofibrils
H A a t 1 A a t  C
A  SD A SI) A SD
Lattice constant (distance
of the primary filaments) 415 30 3(50 21
PF 0  ................................... 200 12 115 s
SF 0  .................................. 50 10 90 7
SF (number) : PF (number) V Rate SI) Rate SD
2-8 0-5 2-0 0-1
The area occupied by the myofibrils was found to be 72 ±15 per cent of the fibre
th e  sarcom ere can be concluded. T he conclusion draw n is consistent with 
th e  observations of A uber and  Couteaux (1963) and  th a t  of G aram völgyi’s 
p resen ted  here a t  th is Symposium.
(b) I t  seems th a t  th e  isolated p rim ary  filam ents of insect muscle have 
a  th in  core as revealed /with negative staining technique (Fig. 8). This core 
exists very  likely in the  p rim ary  filam ents of verteb ra tes too.
(c) As was dem onstrated  a t  the  M onday afternoon session and  has been 
published (Guba 1964, G uba and  co-workers 1966), a fte r th e  ex traction  of 
m yosin, actin  an d  tropom yosin a continuous filam entous stru c tu re  is left in th e  
myofibrils connected to  the  ad jacen t Z-m em branes (E rnst, Benedetzky 1962).
These observations suggest th a t  we have to  assum e the  con tinu ity  of the  
filam ents in th e  myofibril.
(2) The rig id ity  of filaments. — (a) In  Tables I  and  I I I  our m easurem ents 
of th e  size of filam ents in relaxed and  contracted  myofibrils are sum m arized. 
From th is d a ta  we can estim ate th e  q u an tity  of p rotein  represented by the 
filaments. There is a fairly g reat difference in th e  protein  conten t of relaxed 
and  contracted  myofibrils. A relative increase in th e  protein conten t of m yo­
fibrils can be found during contraction by th is estim ation. An obvious ex ­
p lanation for th e  discrepancies m ay be th a t the  contraction is associated 
w ith a change in the  gel s tru c tu re  of myofibrils.
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Fig. 8. — P rim ary  and secondary  filam en ts from  insect m uscle fibre: filam ents are  
d is in teg ra ted  and  suspended  in a re lax ing  solu tion  o f  H u x ley  (H ux ley  1963). The 
th in  core o f p rim ary  filam en ts is c learly  seen (arrows)
(b) G aram  völgyi has shown th a t  in th e  stretched  insect flight muscle a p a r t 
of the  A -band m aterial is ex truded  giving ex tra  bands a t both  sides of the  
E-band. These E -bands show up birefringence and very likely they  consist 
o f the  myosin from  the  th ick  filaments.
(c) Using the  electron m icrographs (the negative p lates) for mass 
determ ination  (B ahr and Zeitler 1965, V ajda and  co-workers 1966) we could 
m easure the  d istribu tion  of th e  d ry  mass of A -band and  th a t  of I +  Z- 
bands a t different sarcom ere lengths. These resu lts are sum m arized in the  
Observations on the Relative Protein Content of M yofibrils of Different S a r­
comere Length (Vajda and  co-workers 1965; Fig. 9).
The in terp re ta tion  of these curves led us to  the  conclusion th a t during 
th e  contraction of myofibrils (at least in vertebrates) adjoining th e  sliding 
filam ents there  is a definite m ovem ent of th e  proteins tow ard  th e  Z 
mem branes. The am ount of the  moving pro tein  is about 20 per cent of th e  
A -band m aterial.
(d) Several au thors have dem onstrated  th a t during the  contraction an 
overlap of th e  th in  filam ents occurs b u t no one has shown as far as I  rem em ­
ber a bending o f the  th ick  filam ents by the  Z-m em branes in shortened m yo­
fibrils. I t  seems to  me from th e  observations discussed above th a t  the  
rigidity  of th e  two kinds of filam ents differs greatly . The th in  filam ents are 
more rigid and  possibly there is a change in th e  gel s tru c tu re  of myosin 
filam ents during contraction.
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Fig. 9. — P ro te in  co n ten t (percen tage) o f  th e  d iffe ren t bands 
o f r a b b it  m yofibrils as th e  func tion  o f  sarcom ere leng th . 
7 A -band , 2 T-band -f  Z-disc (or co n trac tio n  band)
(3) The possibility of a phase transition  in contraction. — There have 
been several observations even recently  (Hoeve and co-workers 1963), 
which point ou t a phase change during contraction.
(4) The special characteristics of myosin. —All problem s concerned above 
po in t to  the  special role of myosin in contraction.
I t  has been well known for long th a t the  myosin, a  w ater soluble p ro ­
tein , has special physical-chem ical properties. These properties are governed 
by o ther proteins (especially by actin) and by uni-, di-, and polyvalent 
ions.
( )ne of the  special characteristics of myosin is th a t  it can be converted 
into a hydrophilic gel by  d ilu ted  salt. In  th is gel the  myosin micellae contain 
over 95 per cent w ater and  m ost of th e  w ater is w ithin th e  micellae. The 
micellar s tru c tu re  of myosin depends on the  proteins and ions being present. 
For instance, Fig. 10 shows the  micellar s tru c tu re  o f pure myosin in the 
stan d ard  solution of D r H uxley (1963), Fig. 11 dem onstrates the  effect of 
ATP (standard  sa lt solution - f  5 X 10_s m  ATT’). Figure 12 shows the 
well known arrow head s tru c tu re  of actom vosin and  Fig. 13 th e  s tructu re  
of myosin in th e  presence of tropom yosin.
Idle m ost strik ing change which one can produce in actom vosin gel is its 
dehydration , th e  superprecipitation. This transition  is very difficult to  
follow by th e  usual hydrodynam ic m ethods. N evertheless, there are 
observations (M aruyam a and  Gergely 1962) on the  clear phase of this 
transition  which show th a t  a linear aggregation o f myosin proceeds the 
superprecip itation .
Some tim e ago we s ta rted  to  investigate the  colloidal characteristics of 
superprecip itation  using hydrodynam ic and  electron microscopic m ethods 
as well (Guba and  co-workers 1966). The main points we have found are 
as follows:
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F ig . 11. —M icellar s tru c tu re  of so lu ted  m yosin in s tan d a rd  solu tion  con ta in ing
ATP (5x lb“3 m)
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Ki g . 10. —Micellar structure of isolated myosin in the standard solution o f H uxley
(H uxley 1903)
F ig . 12. —Micellar structure o f  m yosin in tin- presence o f  F-actin (the arrowhead
structure)
F ig . 13. —M icellar s tru c tu re  o f  m yosin  in th e  presence of tropom yosin . N o te  th e  
p e riod ic ity  (approx . 1Ö0 A) o f th e  m icellae
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F ig . 14. -M icellar structure o f  aetom yosin by low ionic strength (KOI ] 0 - 1 M, Mj^ OI.,
10 —:i m)
t  m
F i g . 15. —Micellar structure o f  m yosin-actin  m ixture in the clear phase (HCI 
5 x 10_2 m , TRTS 5 x 10 ~2 m , MgCl2 4 x 10-:! m , KC1 8 x I 0 ~ 2 m , Oystein 1 x 1 0 _ 1 m ,
ÄTP l x 1 0 -2 m )
]() Symp. Biol. Hung. 8. 2 4  I
F i g . 16. — Superprecipitated actom yosin  gel. N ote the released thin filam ents (presum­
ably F-actin) and the amorphous clum ps (dehydrated m yosin?)
Fig . 1”. -Arrowhead Structure o f redissolved superprecipitated actom yosin gel by  
high ionic strength (0 Ö m KOI)
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(a) A relatively small am ount of F -actin  could induce a relatively large 
am ount of myosin to  go in superprecipitation.
(b) In  the  s ta rting  gel it is hard  to  recognize the  arrow head stru c tu re  of 
th e  micellae (Fig. 14).
(c) I t  is difficult to  distinguish actin and  myosin filam ents am ong the  
uniform ly th in  filam ents of the  clear phase (Fig. 15).
(d) In  the  superprecipitated  gel an am orphous part can be seen, besides 
th e  th in  filaments, presum ably released F-actin  (Fig. 16).
(e) The ra tio  of the  protein to  w ater in th e  sta rtin g  gel (before super­
precipitation) is 1 to  100, which changes to  1 to  1 7 in the  superprecipitated  
actom vosin. So superprecipitation is associated with th e  dehydration of 
the  system.
(f) The redissolved superprecipitate a t an ionic streng th  of 0-5, pH  7, 
shows th e  arrow head s tru c tu re  of actom yosin (Fig. 17).
I f  we try  to  p u t together all th e  observations m entioned above (and 
others not being discussed here) and  if  we th ink  th a t  th e  superprecipitation 
of actom yosin is the  basic driving phenom enon of muscle contraction we 
m ay draw  a p icture of the  contraction as follows.
U nder the  conditions of the relaxed muscle, ac tin  exists in F -actin  form 
situ a ted  in th e  th in  filaments. These filam ents have a fairly rigid and  
orderly structu re . The highly h y d ra ted  myosin molecules are associated 
in a loose gel form on a core which runs through th e  whole sarcomere. This 
core consists of fibrillin and  gives th e  rubber elasticity  of the  relaxed muscle. 
Myosin and  actin  are dissociated in th e  relaxed muscle for the  presence of 
ATP and  absence of Ca-ions. B y excitation a p a r t of the  myosin gets in 
association w ith F -actin , which induces a. special oriented aggregation of 
these mobilised myosin molecules. This oriented myosin stru c tu re  is still 
h y d ra ted  and  behaves like a stre tched  helical spring. The spring-like myosin 
micellae in the  presence of salts and  ATP dehydrate and superprecipitation 
takes place. The superprecipitation causes th e  spring to  perform  contraction 
work and  the  unaltered  (thick and  thin) filam ents to  slide. R elaxation 
requires Ca ions to  be pum ped out and ATP to  hydra te  th e  myosin mol­
ecules.
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Szent-Györgyi: 1 would be very cautious in postu lating  m ovem ent o f 
myosin during contraction. Several years ago a t  th e  D edham  Conference 
D r Johnson  and  I  had  proposed a m igration of myosin tow ards th e  lateral 
portions of the  A -band in  order to  explain the staining p a tte rn  ob ta ined  in 
sarcom ers a t  various muscle length using fluorescent an tibody  prepared 
against myosin. W e suggested th a t myosin was discontinuous in th e  center 
of th e  A-filaments, and  the  tw o halves of th e  myosin containing structu res 
were a ttach ed  to  th e  contra latera l ac tin  filaments. We assum ed th a t  con­
trac tio n  is due to  a shift of myosin tow ards the  la tera l portions of the A- 
band  and  the  m ovem ent would carry  along the  ac tin  filam ents of the  
opposite half of the  sarcomere. D r Stephens who a t th a t  tim e was a g raduate 
stu d en t w ith D r Inoue and  m yself worked ou t a m ethod to  destroy 
selectively various portions of the  sarcom ere using UV irrad ia tion . His 
results which were published in the  J . of Cell Biology showed th a t  th e  con­
trac tion  p a tte rn s  of the  dam aged sarcom eres were in agreem ent w ith the 
sliding filam ent theo ry  bu t did  not fit in w ith our theo ry  o f contralateral 
a ttach m en t. E ven  more dam aging to  our theory  was the  work of Mr R. H . 
Colby, a  g rad u ate  stu d en t from  the  U niversity o f California who spent 
several m onths w ith D r Inoue, D r Sato and myself. He has carried out 
a very careful s tudy  of th e  intrinsic birefringence of th e  A -band and  I-band 
a t various sarcom ere lengths. Mr Colby has found th a t th e  intrinsic b ire­
fringence of th e  A-band is abou t ten  tim es as great as th a t  of the  I-band. 
C ontraction did  no t lead to  a decrease in the  birefringence in th e  center 
of the  A -band. On the  contrary , there was a slight increase a t the  regions 
where the  double overlap of actin-filam ents would be excepted to  take  place. 
In  stre tched  sarcom eres th e  lateral portions of the  A -band showed a slightly 
stronger birefringence th an  the  center. A result one would expect from  the  
overlap region between actin  and myosin filaments. O ther studies which we 
perform ed w ith D r Johnson  also supported  the  sliding filam ent theo ry  and  
were contrad ictory  to  our expectations. For instance, we found th a t the  
staining p a tte rn  rem ained th e  same in free contractions and  in loaded con­
trac tions of p re-stretched  muscle. These results to  our m ind exclude a shift 
in th e  location o f myosin unless som ething else is responsible for the  b ire ­
fringence in the  A -band — a very unlikely possibility. Therefore, we do not 
believe in th e  correctness of our theo ry  any  more. The changes in fluorescent 
band p a tte rn  m ust have some other ty p e  of explanation. I t  is very  g ra tify ­
ing, indeed, th a t  the  recent experim ents of D r Pepe led him  to  an  in te r­
pre ta tion  which is logical and  self-consistent and  explains th e  unusual 
features o f our an tibody  studies.
In sum m ary, 1 doubt very  m uch th a t  any  large-scale m ovem ent or 
m igration of myosin accom panies contraction and  to  my m ind the  q u an ti­
ta tiv e  predictions of th e  sliding filam ent model are consistent w ith and  
explain a great m any o f the  re levant experim ental observations.
Guba: I  agree with you, one should be very cautious with experimental 
results. Nevertheless, I  think the quantitative electron microscopy allows 
us to measure a relatively small rearrangement of myofibrillar dry mass, an 
amount which is undetectable with other methods.
Huxley: What is the periodicity seen in myosin aggregates in the pres- 
ence of tropomyosin?
Guba: I t  is about 150 A.
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D a v i e s : Many theories of muscle 
contraction  have been put forward 
recently which can account for a 
few facts abou t muscle b u t cannot 
explain o thers, and  are certainly 
wrong.
I l l  order to  clarify th e  situation  
I  request th a t  a list be prepared  
containing all the  m ajor facts. This 
list can then  be used to  te s t the 
value of new hypotheses. I  have a l­
ready  s ta rted  such a list and  request 
th a t  everyone send me (with re fe r­
ences please) facts th a t  need ex ­
plaining.The final list would be su b ­
m itted  to  IE G  No. 4. for publica 
tion. I  th in k  th a t  even in th is  re- 
soect the  Inform ation  Exchange 
Group would be a very  useful in ­
strum ent to  help in clarifying th e
situation. — la m  also collecting a  list o f all theories of muscle contraction, and 
again request th a t  everyone who knows of one should w rite to  me abou t it.
G e r g e l y : I  should like to  second D r D avies’ com m ents concerning the  
Inform ation  Exchange Group on muscle. In  a field such as ours, in  which 
people from  several disciplines come together, it  is particu larly  useful to  
have a ready  m eans of sharing inform ation th a t  would otherw ise be sca t­
te red  in journals outside one’s own fields of im m ediate in terest.
K o m i n z : I  should like to  call your a tten tio n  to  the  fact th a t  inform ation 
of basic im portance to  an understanding  of muscle m echanism s m ay be 
present in studies on pathological conditions published in clinical jo u r­
nals.
A fam iliar m yopathy  has recently  been described which is characterized 
by the  presence of m etachrom atic rod-like structu res in otherw ise norm al 
muscle cells (Shy and  co-workers 1963). Because of these abnorm al inclusion 
bodies, th e  m yopathy  has been labelled ‘nem aline’ (Greek: n em a= th read ) .
E lectron-m icroscopic exam ination in  one labora to ry  revealed a transverse 
spacing of 145 A (Shy an d  co-workers 1963, Engel and  co-workers 1964); 
however, in  a second labora to ry  no transverse spacing could be seen (Afifi 
and  co-workers 1965), while a  th ird  labora to ry  repo rted  a transverse  spacing 
of 175Ä  (Gonatas and  co-workers 1966). In  th e  last case, cross-sections re ­
vealed a la ttice  s tru c tu re  w ith  200 Ä spacing; because of th is  and  the  dem on­
stration  of very  early  rod-like structu res as fusiform enlargem ents of the  
Z-band, it has been suggested th a t  the  rod-like structu res are com posed of 
tropom yosin B (Gonatas and  co-workers 1966). This gives us a basic insight 
into the  s tru c tu re  of tropom yosin B crystals (Fig. 18): how can a  periodicity  
of 145 A and  one of 175 A both  be possible in such crystals ? If the  400 A long 
tropom yosin B molecules aggregate end-to-end in staggered longitudinal 
rows, w ith a lte rn a te  planes oriented a t approxim ately  90° as illustra ted , th e  
electron-m icroscopic spacings of Hodge (1959) and  Huxley (1963) can be 
explained. The distance between th e  planes could vary  from  145 to  175 A
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F ig . 18.—The basic s tru c tu re  o f  tro p o ­
m yosin  B c ry s ta ls
depending on th e  fixation process, ju st as E llio tt (1964) found a dis­
tance o f 150 to  200 A between th e  planes of param vosin ribbon.
This m yopathy  offers fu rth e r challenges to  our understand ing  o f muscle 
stru c tu re : why do no t all muscles suffer from  extension of their Z-bands 
la terally? Does tropom yosin B usually exist only in th e  Z-band and  native 
tropom yosin elsewhere, and  does th e  presence of tropon in  inhibit the  
crystallization? Or is there some genetic difference in  th e  p rim ary  s tru c tu re  
of th e  tropom yosin of nem aline m yopathy  pa tien ts?
R E F E I! E N O E S
Afifi, A. K ., Sm ith, J. W. and Zellweger, H. (19(55) N eurology  15, 371 
E lliott, <;. F. (19(54) m ol. B io l. 10, S9
Engel, W. K ., W anko, T. and Fenichel, G. M. (19(54) Arch. N eurol. 11, 22 
Gonatas, N. K., Shy, (J. M. and Godfrey, E. H. (196(5) N ew  Engl. J .  M ed. 274, 
535
I lodge, A. J. (1959) B iophysica l Science —  A S tu d y  P rogram . Ed. by J. L. Onkley.
John W iley and Sons, N ew  York 
H uxley, H . E. (19(53) */. mol. B io l. 7, 281
Shy, G. M., Engel, W. I\. and Somers, J . E . (19(53) B rain  86, 793
Be n s o n : 1 would also like to  call a tten tio n  to  th e  repo rted  effects of the 
an tim alaria l agent p lasm acid on skeletal muscle. As repo rted  by Price 
an d  co-workers, th e  adm inistration of th is  agent to  ra ts  was followed by a 
selective loss o f actin  filam ents and  Z-bands.
H a n s o n : Dr Szent-G yörgyi has w ithdraw n a  hypothesis; I  w ant to  
w ithdraw  a fact. D r Lowy and  I, studying  actin  filam ents in  the  electron 
microscope, concluded th a t  th e  p itch  of the  helix was abou t 2 X 350 A 
(Hanson and  Lowy 1963). I  confirmed th is  for p repara tions m ade w ith 
th e  m ethods th a t  we had  used, b u t I  have found th a t  o ther m ethods can 
give different results. Using bo th  synthetic  and  n a tu ra l filam ents, I  found 
values m uch higher th an  350 A in preparations negatively-stained  w ith 
u rany l ace ta te  applied. Lower values around 350 A are found if th e  stain  
is potassium  phospho tungsta te  (pH  7-0) or if  th e  p repara tion  is fixed in 
osmium te trox ide  before staining w ith urany l acetate.
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R i n a l d i : I  would like to ask a specific question, Prof. Huxley. Do you 
have any concept according to which you think one filament will drive over 
another? I  am not concerned about the organism and prefer an answer 
which you picture as being operational in the highly structured muscle 
cell as you know it.
I  wish an answer pointig out the system you consider could move 
one filament over another, further what you feel the cross bridges contribute 
to the system and the physical-chemical properties of actin and myosin, 
which you consider will move one filament relative to another. You must 
have some visualization of the mechanics of such motion.
H u x l e y : In  o rd e r th a t  a  re la tiv e  slid ing m ov em en t o f  ac tin  p a s t m yosin  
filam ents m ay  ta k e  p lace, th e  m yosin  cross bridges m u st go th ro u g h  a 
cycle o f  a t ta c h m e n t to  a n d  d e ta c h m e n t from  sites on th e  ac tin  filam ents.
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As th e  actin  filam ents move past the  myosin filam ents the  cross bridges 
will a tta c h  sequentially  to  a series of actin  m onom ers along th e  actin  fila­
m ents. The sim plest way to  suppose th a t  a relative sliding force is developed 
is to  postidate  th a t  a  change in the  configuration of the  cross bridge takes 
place e ither when it  becomes a ttach ed  to  an actin  m onom er or when, 
having already  become a ttach ed  to  an  actin  monomer, sp litting  of ATP 
takes place a t  the  enzyme site on the  myosin. One would postu late  th a t  
th e  s tru c tu re  of the  cross bridges was such th a t  when th is  configurational 
change took place, a com ponent of the  resu ltan t m ovem ent was d irected  
longitudinally  closely tow ards th e  M-line. N ext, one w ould suppose th a t 
th e  cross bridge then  detached  from  the  actin  filam ent which it had pulled 
along, re tu rn ed  to  its  original configuration and  re -a ttach ed  to  a new site 
on an  actin  filam ent 7'eadv to  begin a new cycle of m ovem ent and  ATP 
sp litting  again. This is a hypothetical m echanism  which can serve as a 
basis for experim ents designed to  te s t w hether or no t it is true .
H o y le : Dr H uxley, you use th e  expression 'sliding-filam ent th eo ry ’ as 
a package carrying a double deal, p a r t  of which is a theo ry  of th e  mode of 
developm ent of m otile force by cross bridges. Originally, in s tria ted  muscle 
th e re  are two param eters which rem ain constan t during m oderate s tre tch  
an d  shortening. These are the  A -band length and  the  d istance between 
the  m argins of two ad jacen t H-zones as m easured across the  Z-disc. The 
theo ry  th a t  these changes result from  th e  sliding of tw o sets of inter- 
d ig ita ting  filam ents each having fixed lengths is v irtually  a  proven fact 
now, b u t rem ains the  'sliding filam ent th eo ry ’. As to  how force develop­
m ent and  shortening are brought about, these are additional m atters. 
There are several theories ex tan t which invoke sliding of filam ents in 
contraction, b u t which do not utilise cross bridges as m echanically active 
units. W ould it not be more appropriate , then , to  keep ‘sliding filam ent 
th eo ry ’ non-com m ittal as to  mechanism, and  to  use a different expression 
such as 'cross bridge shortening hypothesis’ for your ideas abou t the  
m olecular m echanism  o f shortening?
H u x l e y : The sliding filam ent theo ry  of the  m echanism  of contraction 
in s tria ted  muscle was given th is nam e because the  theo ry  postu lates th a t  
contraction is b rough t abou t as a consequence o f a  relative sliding m ovem ent 
of the  th ick  and  th in  filam ents p ast each other. T h at is, i t  supposes th a t 
the  force for contraction is a re la tive sliding force between th e  two types 
of filament. I t supposes th a t  th e  structu res presen t in th e  th ick  and  th in  
filam ents represent th e  working p a rts  of the  contractile m achinery and  
th a t  contraction is a resu lt o f events in those structu res an d  n o t in ano ther 
structu re , real or im aginary, elsewhere in the  muscle. J th in k  it is clear 
th en  th a t  when we use th e  term  sliding filam ent theo ry  we are no t being 
guilty  of any  am biguity . We are calling a tten tio n  to  the  fact th a t  the  observ­
able ban d  p a tte rn  changes can be explained on the  basis o f the  sliding 
filam ent mechanism  an d  we are hypothesising th a t  the  force for contraction 
is developed by th e  sliding process itself ra th e r th a n  for instance, th a t  
th e  sliding m otion is a consequence of a shortening force being developed 
somewhere else. I f  we are asked to  describe th e  theo ry  in g reater detail, 
we will discuss the  pro tein  com position of th e  filam ents and  po in t to  the  
cross bridges as being th e  m ost likely seat of th e  re la tive sliding force 
betw een th e  filam ents which we require.
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Strickholm : 1 would like to  inquire of Drs Hoyle an d  H uxley, both 
who have spent g reat effort exam ining muscle w ith the  electron microscope, 
why Dr Hoyle has reported  seeing th in  filaments, while D r H uxley has not? 
Is th is due to  a difference in electron microscope resolution, or is there  
some o ther explanation  ?
H u x l e y : I  believe D r S trickholm ’s question was w hether I had seen 
any  indications of very th in  filam ents in muscle sim ilar to  those reported  
by D r Hoyle. D r Hoyle showed a num ber of m icrographs of various types 
o f muscle in which he believed these filam ents were visible. I  was not 
qu ite  sure on some occasions which ty p e  of muscle was being described, 
bu t I  th in k  I  am  righ t in saying th a t  in muscle from  frogs and  rabb its the 
super th in  filam ents were only visible in muscles which had  been stretched  
to  the  po in t w hereby a  gap developed between the  ends of the  th in  and  
th ick  filaments. My own observations on muscles have been restric ted  to  
those from  frog and  rab b it, and  some insect fibrillar muscles, and therefore 
1 cannot com m ent on D r H oyle’s observations on o ther species. The presence 
of gap filaments, however, was of course repo rted  long ago both  by 
A. F . H uxley an d  by S jöstrand, and  presum ably th e  filam ents described 
by D r H oyle are th e  same as those reported  by  these o ther authors. I  have 
not, myself, looked for filam ents in th is gap region, so I  cannot speak 
from  first-hand knowledge. I  th ink  it seems very  likely th a t  some ty p e  of 
filam ent is visible here, b u t w hether th is represents a genuine th ird  ty p e  
of filam ent in th e  muscle, or w hether it represents th in  tap ered  extensions 
of th e  th ick  filam ents or a few th ick  filam ents or th in  filam ents which have 
come out of register, or w hether it represents some structu res form ed between 
the  ends of th e  th ick  and  th in  filam ents, during fixation, still seems undecided.
I  was in terested  in Prof. H oyle’s com m ents on section compression 
during th e  cu tting  o f very  th in  sections. I  have found th a t when section 
thickness lies below 200 A an d  the  sections are cu t w ith a knife edge set 
perpendicular to  th e  long axis of th e  muscle and  longitudinal sections cut. 
th en  flow of th e  plastic takes place ra th er, 1 imagine, like th e  flow when a 
la the tool is applied  to  a m etal block, and  a very considerable foreshorten­
ing of dim ensions occurs w ithout, however, any substan tia l evidence of 
dam age to  the  tissue. I f  D r Hoyle can cut sections of, say, 150 A thickness 
w ithout such flow occurring, I  w ould be m ost interested. The only reliable 
index of section thickness I  find is the  selection of single layers of the  
filam ent lattice of th e  ty p e  which contains pairs of th in  filam ents in between 
ad jacen t th ick  ones.
H anson : The results of my a ttem p ts  to  find a ‘backbone’ are open to  
o ther possible in terp re ta tions. A fter ex tracting  th e  m aterial of th e  thick 
filam ents (in v erteb ra te  skeletal myofibrils) and  then  rem oving actin  with 
potassium  iodide, we found the  fibrils to  rem ain continuous. I  exam ined them  
negatively-stained and  found neither myosin filam ents nor ac tin  filam ents, bu t 
a sparse netw ork of very  th in  structureless filam ents connecting successive 
Z-lines. However, T do n o t know if  th is m ateria l was present in th e  in tac t 
fibril or if i t  represents an insoluble an d  modified residue of th e  prim ary 
and  secondary filam ents, or was derived from interfibrillar m aterial.
Gu b a : We were very  anxious to  handle the  proteins during th e  ex trac ­
tions so as n o t to  denature them .
Garamvölgyi: Let me continue th e  com m ents of Drs Hanson and  Huxley.
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They were speaking of the  S-filaments designated as hypothetical. In  the 
last few years 1 presented some papers on th is subject (Garamvölgyi 1965, 
G aram völgyi an d  K erner 1966). 1 am  in the  position to  say th a t  in the 
bee muscle fibrils deprived of their myosin filam ents there are well recogniz­
able filam ents ju st a t  th e  site where th ey  have been supposed by Drs 
H anson and  Huxley. So the S-filaments are n o t merely hypothetical. 
I do not know exactly, how 1 was able to  observe them , b u t in the  insect 
flight muscle there are very clear conditions and  due to  the  fact th a t  I  did 
n o t rem ove th e  ex tracting  solution, perhaps a  certain  kind of im pregnation 
rendered them  visible. I  still use th e  term  S-filaments for them , although 
1 am  not convinced th a t th ey  w ould necessarily belong to  th e  set of the  
secondary filaments. Prof. H uxley’s more recent s ta tem en t on the  existence 
of a double overlap of th e  secondary filam ents does no t m ake th is  a rrange­
m ent probable. I  am  inclined to  accept th a t  the  S-filaments form  th e  basic 
fram ew ork of the  myosin filaments. This is in agreem ent w ith m y proposed 
sarcom ere model and  is sim ilarly in aggreem ent w ith D r G uba’s sta tem en t 
concerning th e  backbone pro tein  o f the  myofibril. In  th is connection m ay 
also be po in ted  out th e  work of A uber and  C outeaux (1963), who found 
an axial subfilam ent inside the  light core of the  prim ary  m yofilam ents 
in transverse sections of fly myofibrils.
R E F E R E N C E S
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Hu x l e y : Since D r H anson and  1 m ade our original suggestions about 
the  existence of S-filaments, I have m ade various a ttem p ts  to  see them  in 
the  electron microscope, and it has been the  lack of success of those a ttem pts, 
together w ith  the  finding of the  double overlap of the  secondary filam ents 
in strongly shortening muscles, which has led me to  have considerable 
doubts about th e  real existence of S-filam ents in rab b it and  frog muscles. 
In  m any cases residual filam ents could be seen crossing th e  H-zone in 
muscles from  which myosin had  been ex tracted . However, these H-zone 
filam ents were som ewhat erratically  positioned, i.e. there  was no ind ica­
tion th a t one such filam ent was present per th in  filam ent, ra th e r th a t  in 
some places one would see a dense clum p of filam ents, and  in o thers a 
com plete absence of them . Now the  procedure in carrying out th is ty p e  of 
experim ent necessarily has to  be th e  following: th a t  a muscle fibre or a 
small bundle of fibres is trea ted  w ith  a suitable solution for ex tracting  
myosin, and  th a t  th e  ex tracting  solution is then  replaced by  a fixative 
either w ith or w ithout the  use of an  in term ediate  washing solution. I t  is 
ra th e r difficult to  be absolutely sure th a t  the  last traces of myosin have 
been rem oved from  the  muscle; there  is always a possibility th a t  a small 
am ount of myosin rem ains inside th e  muscle fibres still in solution and  
th a t  when th e  ionic streng th  is lowered again, either by the  fixation itself 
or by previous washing with lower ionic streng th  solution, th a t  th is  myosin 
will aggregate on to  th e  actin  filam ents on e ither side of the  H-zone gap 
an d  th a t in o ther places these aggregates will ex tend  across th e  gap and
24!)
produce th e  appearance of gap filaments, i t  is also possible th a t  the  original 
ex traction o f th e  myosin m ay no t be absolutely com plete an d  for these 
reasons 1 never felt sufficiently convinced of the  reality  of th e  filam ents 
one can see in ex tracted  muscles from frog and  rab b it. I  am  not com pletely 
fam iliar w ith  th e  precise ex traction  conditions em ployed bv Dr Garam - 
völgyi, and  also by D r G uba in his work on fibrillin, b u t it does occur to  me 
th a t  some residual myosin m ight conceivably be present.
Gu b a : In  our experim ents on fibrillin we tried  to  follow th e  ex traction  
of myosin besides o ther tests  by determ ining the  to ta l ATPase activ ity , 
i.e. th a t  of th e  ex trac ted  proteins plus th a t left behind afte r extraction. 
We used only those m aterials in which there was no significant change in 
the  to ta l ATPase ac tiv ity . According to  these experim ents no appreciable 
am ount of myosin could rem ain in myofibrils which show the  continuous 
very  th in  filam ents between th e  ad jacen t Z-discs.
H o y l e : In  our work w ith barnacle g ian t fibers we have come to  believe 
th a t  there is a substan tia l am ount of in terna l shortening and  stretching 
during an isom etric contraction. There is thus an appreciable heat of shorten­
ing under these conditions. One w ould expect less in terna l shortening in 
fast v erteb ra te  tw itch  fibers, bu t, nevertheless, it m ight be appreciable. 
I t  is no t considered in trea tm en ts  of isom etric contraction. W hat, in your 
opinion, would be a realistic estim ate of the effective shortening in the  
muscles w ith which you are fam iliar?
W i l k i e : I t  depends very  m uch on how inextensible the  connections to  the  
muscle are. I f  th ey  are very inextensible, abou t A per cent. If no special 
precautions are taken , it can easily rise to  10 per cent or even more.
E dm ak : Our results from  m easurem ents of th e  force-velocity  curve in 
isolated  fibres of th e  frog’s sem itendinosus muscle disagree w ith those 
presen ted  by D r Hovle. We have recorded the  speed of shortening during 
after-loaded  isotonic te tan i by  recording th e  m ovem ents of m arkers placed 
on th e  cell surface in th e  middle segm ent of th e  fibre. The m ovem ents of 
th e  m arkers were recorded by  m eans o f cine-cam era (65 fps, 2-5 msec 
exposure tim e), all m easurem ents being perform ed a t 2-1 // sarcom ere 
spacing a t 4 -5  per cent. The velocity d a ta  p lo tted  against th e  load can be 
fitted  by H ill’s equation w ith  Vmax =  5-86 p/sec and  a /P 0 +  0-41 (Edm an 
and  Grieve 1966). There was no sign of d istortion of th e  curve a t low loads 
as D r H oyle’s d a ta  showed. I  wonder if the  relatively lowr velocities a t 
small loads th a t  you obtained  were due to  high inertia  in the  recording 
system  ?
KEE E KENCE
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H o y le : The force-velocity  curves ob tained  from single barnacle fibers 
showed a flat portion  a t  low loads suggesting a m axim um  speed capability  
over a range o f loads. Since th is  effect m ight have been influenced by inertia 
of the  recording system , the  la tte r  was improved, and  lever inertia  fu rth e r 
reduced. The curves then  ob tained  actually  showed a  small dip, i.e. lower 
speeds a t the  lowest loads, suggesting a positive influence of load in enhanc­
ing response.
Ben d a ll : D uring th is  general discussion on th e  work o f th e  Symposium , 
I  th in k  it  m ight be as well to  recall th e  following aphorism  and  indeed to  
inscribe it, together w ith  the dictum  of Empedocles, as a preface to  the  
repo rt o f th e  proceedings. It was coined by the  famous English schoolman, 
W illiam  of Occam in the  14th cen tury , when he, as some of us here, had  
become exasperated  by  the  m ultip licity  of heavenly beings, invented  
daily  and alm ost hourly  bv his colleagues.
I t  sta tes, “E n titie s  should not be m ultiplied beyond necessity” . It is 
known as Occam ’s R azor, an d  will be seen on careful inspection to  have 
a very  sharp cu tting  edge, well-suited to  shaving off the  beard-like excres­
cences which, unheeded ten d  to  sprout from  the fact of even th e  m ost elegant 
of the hypotheses.
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